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Dangerous nuclear whispers 


Voices within the Obama administration threaten to undermine non-proliferation efforts. 


They should be ignored. 


n April, US President Barack Obama told a crowd in Prague of his 
hope for a world free of nuclear weapons. Achieving such a vision 
would take “patience and persistence’, he said. But we “must ignore 
the voices who tell us that the world cannot change”. 

Unfortunately, some of those voices belong to powerful figures 
within Obama’s own administration. Last month, the non-prolifer- 
ation news site Global Security Newswire reported that the defence 
secretary, Robert Gates, has been quietly lobbying for the reinstate- 
ment of a programme to build a new generation of ‘reliable’ nuclear 
warheads. The same report suggests he has a least tentative support 
from two key cabinet members: Secretary of State Hillary Clinton and 
energy secretary Steven Chu. However, pursuing this programme 
would do nothing to improve the reliability of the US nuclear arse- 
nal. Instead, it would seriously damage Obama’ efforts to reduce the 
threat posed by the world’s most deadly weapons. 

Since 1992, the United States has held a voluntary moratorium on 
nuclear testing. During that period, scientists at the nation’s nuclear- 
weapons laboratories have used computer simulations and non-nuclear 
tests to ensure that the existing weapons are safe and dependable. 

During the administration of President George W. Bush, however, 
some weapons scientists sought to move beyond this post-cold-war 
caretaker role, and pushed for the development of low-yield and 
earth-penetrating nuclear weapons that could be used against con- 
ventional military targets. Congress halted those projects for fear 
they would rekindle the arms race. So the scientists came up with 
a supposedly more benign warhead concept. Dubbed the Reliable 
Replacement Warhead, it would require less maintenance than exist- 
ing weapons, and would last longer. One argument was that the plu- 
tonium in current-generation weapons was degrading because of its 
own radioactivity, and that this, over time, would make the devices 
too unreliable to use. Another, which Gates repeated in a speech last 
October, was that the new weapons would not require testing. Ulti- 


mately, he asserted, such devices would allow the United States to 
further lower its nuclear stockpile. 

Yet such arguments are spurious. Studies by the weapons labs 
themselves show that the nuclear material within existing devices 
will last for decades (see Nature 444, 660-661; 2006). Experienced 
nuclear-weapons scientists believe that it would be irresponsible to 
deploy a warhead without testing it first. 


And there is no reason that the stockpile “There is no reason 
could not be reduced without buildinga that the stockpile 
new nuclear warhead. could not be 

Gates is now leading a major admin- vaducad without 
istration review of the entire nuclear- ae 
weapons complex, including the building anew 


reliable-warhead proposal. That review nuclear warhead.” 
comes at a crucial time for its non-prolif- 

eration agenda. Obama is aurrently pursuing Senate ratification of the 
Comprehensive Nuclear-Test-Ban Treaty (CTBT), an international 
prohibition of nuclear-weapons testing. Next year, his administration 
will also take part in an international review of the Non-Proliferation 
Treaty, the main international tool to limit the spread of nuclear weap- 
ons. For the United States to be developing a new warhead during this 
period would look to other nations like rank hypocrisy. Moreover, 
the replacement programme's very conceit, that existing warheads 
may not be reliable for much longer, will probably fuel conservative 
resistance to ratification of the CTBT. 

Hopefully, the nuclear review will decide against recommending 
any sort of replacement programme, ‘reliable’ or otherwise. But if it 
does not, then Obama should have the courage to reject the plan. The 
US nuclear stockpile is more than adequate to defend the nation’s ter- 
ritory and that of its allies for decades to come. If Obama truly wishes 
to lead the world in nuclear disarmament, then he should do so with 
the warheads the nation already has. o 


Cash costs 


Massive funding for Pakistan's ailing universities 
holds many lessons for other developing nations. 


General Pervez Musharraf, laid out a bold plan to revitalize the 

country’s moribund research system: initiate a fivefold increase 
in public funding for universities, with a special emphasis on science, 
technology and engineering. The proposal was a radical departure 
from conventional wisdom on the economics of developing nations, 
which favours incremental investments. Sudden surges of cash are held 
to be dangerous in poorer countries, which often lack the institutions 


FE ight years ago, a task force advising Pakistan's former military ruler, 


or the calibre of people required to make the most of such a windfall, 
and the money can easily be wasted or fall prey to corruption. 
Nonetheless, Musharraf agreed to the proposal. The reforms began 
in 2003. And the results, which have now earned a qualified thumbs- 
up from a group of experts in science and education policy (see 
page 38), offer some valuable lessons for other developing nations. 
First, conventional wisdom isn't always right. Despite early doubts 
that Musharraf’s autocratic regime could allocate the new funds effec- 
tively, the experts cite initiatives such as a free national digital library 
and high-speed Internet access for universities as examples of success, 
as well as new scholarships enabling more than 2,000 students to study 
abroad for PhDs — with incentives to return to Pakistan afterwards. 
And they acknowledge that the years of reform have coincided with 
increases in the number of Pakistani authors publishing in research 
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journals, especially in mathematics and engineering, as well as 
boosting the impact of their research outside Pakistan. 

Second, human capital matters. One concern raised by the report 
published in this issue is that the 3,500 candidates for Pakistan’s new 
domestic PhD programmes have had lower qualifications than the 
candidates going abroad. But that is a situation that should correct 
itself over time as Pakistan's schools improve. For the time being, the 
more important point is that Pakistan has opened up the chance of 
a research degree to many more people than in the past — induding 
those who do not have wealthy families, or access to influential peo- 
ple, or good skills in Hiropean languages. Harnessing those reserves 
of talent is an integral part of any nation’s development. 

Finally, accountability is essential. This was not a priority for the 
architects of Pakistan’s educational reform, partly because they were 
working for an autocratic regime, and partly because they were in too 
much of a hurry. The government seemed to be living on borrowed 
time, Musharraf’s science adviser, Atta-ur-Rahman, has recalled. On 
the one hand, politicians, judges and lawyers were pressing for a return 
to democracy; on the other, the influence of the Pakistani Taliban was 


increasing. Suicide bombers twice tried to assassinate Musharraf — 
once by blowing up his motorcade as he returned from making a 
speech to scientists. If the reformers didnt get their programme in 
place quickly, they feared they might not get it in place at all. 

The result, however, is that the body created to implement the 
reforms, the Higher Education Commission, has operated with mini- 
mal oversight by academics, parliamentarians or anyone else. There 
has been some waste, although no one has yet accused the commis- 
sion of egregious abuses of power. But it has exhibited blind spots that 
an outside influence might have corrected — notably a total lack of 
investment in the social sciences and policy research, disciplines that 
encourage the asking of questions that autocratic regimes frequently 
dislike answering. 

This must change. Pakistan is no lmger a dictatorship. The elected 
government, under President Asif Ali Zardari, has expressed cautious 
support for continuing Musharraf’s education reforms. It therefore 
has an opportunity to build on their successes and correct their short- 
comings — starting with an independent review of the commission's 
performance. a 


US visa nightmares 


Barriers faced by foreign scientists seeking entry 
to the United States do more harm than good. 


its ability to attract the most creative scientific minds from 

around the globe. Increasingly, however, scientists, postdocs 
and students are turning elsewhere, frustrated by the barriers to gain- 
ing entry that sprang up in the wake of the terrorist attacks of 11 Sep- 
tember 2001. In its current incarnation, the US visa application process 
not only presents a bewildering tangle of directives, prerequisites and 
requirements, but has also forced some applicants to wait up to a year 
for their visa to be approved — often for no apparent reason. 

It is true that waiting times are improving. In late May, in response 
to mounting protests from the scientific community and elsewhere, 
the Department of State, which oversees the processing of student and 
exchange visas, added staff and resources, and implemented new pro- 
cedures to cut delays. The department established a 10-day deadline for 
most applications that require ‘administrative processing; a particular 
security check required when the applicant is from certain nations or 
does certain work. Among those getting fast-tracked is the Visa Mantis 
security check, the type that most often affects scientists. 

‘Routine’ approvals should take only a few days, and never longer 
than a month, the state department says (see page 131). In an effort 
to pinpoint and resolve other visa-related problems, the department 
meets regularly with an inter-agency group that includes the Depart- 
ment of Homeland Security, which handles employment and other 
types of immigration visas. A meeting is scheduled for this week. 

But reducing waiting times for visa approvals fixes only one part of 
an inept and dysfunctional system. Consider, for example, the impen- 
etrable snarl of bureaucratic requirements that an individual must 
meet before even applying. A list on the state department's website 


C) ver the years, the United States has benefited enormously from 
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of required documentation for all students — not just nuclear physi- 
cists, or scientists from countries that sponsor terrorism — is an eye- 
glazing jumble of acronyms, abbreviations and conditions. It shouldn't 
be this complicated. 

Then there are the requirements and conditions of various visas. 
Almost all applicants must prove that they plan to return to their 
home country when the visa comes to an end. Those who receive 
government funding, or whose speciality is on a skills list negtiated 
by their home country, must return home for two years once the 
visa expires. Meanwhile, student applicants, as well as postdocs or 
scientists applying for an exchange visa, must prove that they can 
cover their expenses. 

Employment-visa applicants face their own woes. There is an 
annual cap of 65,000 such visas for individuals being employed by 
private- or public-sector companies, plus another 20,000 for indi- 
viduals with at least a master’s degree from a US institution. Applica- 
tions are accepted each year from 1 April. If the cap is reached before 
an individual’s application is processed, his or her only recourse is to 
reapply the next year — and risk losing the job. 

Capitol Hill staffers say that several legislators are keen to simplify 
or even throw out many of these rules, but add that the visa troubles 
are part of a much larger immigration-reform problem. Given the 
many other issues facing Congress at the moment, from health-care 
reform to financial reform, action on immigration seems unlikely 
before next year at the earliest. And even then, months of debate will 
be required before any new legislation passes — legislation that may 
or may not address the visa challenges. 

So in the meantime, US agencies should act quickly to stream- 
line the application process as far as possible without legislation. All 
caution should not be abandoned, but at the same time it should not 
be so difficult for a scientist or student to seek entry to the country 
for scientific purposes that have no link with terrorism. The United 
States cannot continue to bar the door to some of the very people 
it needs most. | 
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Explaining the eccentricities 


Asrophys. J. 702, 716-723 (2009) 

The near-circular orbits followed by the 
planets in the Solar System are probably not 
the norm. Many planets travelling around 
other stars appear to follow an oblong or 
‘eccentric path. 

In some cases, that apparent eccentricity 
may be caused by the presence of a second, 
undetected planet. Timothy Rodigas and 
Philip Hinz at the University of Arizona in 
Tucson modelled a range of solar systems. 
They found that about 4% of the time, a 
hidden planet far from the star could create 
the illusion that the closer planet was in 
a highly eccentric orbit. The effect was 
much more pronounced for planets with 
moderately oblong orbits. 

The team says that their study could help to 
explain the apparent abundance of eccentric 
exoplanets. It could also help researchers to 
find hidden planets. 


A colourful past 


Biol. Lett. doi:10.1098/rsbl.2009.0524 (2009) 
Reconstructions of extinct species often 
attribute garish colours to animals on the 
basis of nothing more than artistic licence. 
Now Derek Briggs of Yale University and 
his colleagues have discovered evidence of 
preserved colour in fossil feathers. 

Using a scanning electron microscope, 
they found neatly organized pigment 
structures called melanosomes in fossils 
such as the one pictured below from the 
Messel Shale in Germany. Owing to the loss 
of surrounding keratin, which is involved in 
optical scattering, they could not determine 
the feathers’ exact hue. 

But comparison with the melanosomes of 
modern birds suggest black feathers with a 
iridescent blue, green or copper sheen. 
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Seeing the 


honeycomb 


Science 325, 1110-1114 (2009) 
Behold pentacene (pictured 
right), a five-ringed hydrocarbon 
molecule shown with remarkable 
clarity thanks to an atomic 

force microscope with a crucial 
modification. 

Leo Gross and his colleagues 
at IBM Research in Zurich, 
Switzerland, placed a carbon 
monoxide molecule on the tip of the 
microscope's sensitive detector. 
The tip scans over the surface and 
is deflected by its interaction with 
the atoms in the sample. 

Choosing the right molecule for 
the tip enabled repulsion due to 
the electronic exclusion principle 
to dominate over the blurring 
caused by attractive Van der 
Waals and electrostatic forces. 
The improved contrast allowed the 
researchers to resolve the positions 
of individual molecules and the 
bonds between them. 


Killer fat 


Immunity 31, 232-244 (2009) 

Lipid droplets in a type of immune cell 
may have a key role in triggering attacks on 
infected and damaged cells. 

Dendritic cells engulf pathogens, chop up 
their components and display the resulting 
antigens on their surfaces using the major 
histocompatability complex class I (MHC I) 
molecules. These antigens activate cytotoxic 
T cells, which seek and destroy infected cells. 

Pierre Guermonprez at Rockefeller 
University in New York and his colleagues 
found that an enzyme residing on lipid droplet 
membranes is essential to this pathway. When 
the researchers eliminated the enzyme in mice 
they found defects in the cells lipid droplets 
and in their ability to display antigens through 
the MHC I pathway. The manipulation did not 
affect the MHC II pathway. 


Deep, deep in your head 


Neuron 63, 533-543 (2009) 
The placebo effect is more hard-wired into 
the brain than previously thought. 

For decades, scientists have known that 
sham treatments can relieve pain, and studies 
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have identified natural opioid pathways as 
important players. But because the placebo 
effect seems to be linked to expectation, some 
have assumed that it occurs mainly through 
‘higher’ brain structures associated with 
consciousness. 

Falk Eippert at the University Medical 
Center Hamburg-Eppendorf in Germany 
and his team imaged the brains of volunteers 
given a sham ointment to relieve a mild 
burning pain. Half of them had been treated 
with naloxone, a chemical that blocks 
opioid signalling. The researchers found 
that placebo-related brain activity normally 
occurs in both the prefrontal cortex and 
more hard-wired areas, such as the amygdala, 
hypothalamus and parts of the brainstem. 


Bacterial factories 


Biotechnol. Bioeng. doi:10.1002/bit.22502 (2009) 
Researchers have engineered bacteria to 
produce useful levels of putrescine, a key 
ingredient in the production of plastics 

and industrial chemicals. Putrescine — a 
natural breakdown product of amino acids 
that contributes to the characteristic odour 
of rotting flesh — has historically been 
manufactured from petrochemicals through 
environmentally harsh methods. 


IBM RESEARCH, ZURICH 


To develop a more sustainable process, 
Sang Yup Lee and his colleagues at the 
Korea Advanced Institute of Science and 
Technology in Daejeon, Republic of Korea, 
boosted putrescine production in Escherichia 
coli. Their method involved inactivating the 
metabolic pathways that use and degrade 
putrescine, and amplifying the production of 
an enzyme that makes it from its precursor, 
ornithine. In high-cell-density cultures, the 
bacteria can produce up to 24.2 grams of 
putrescine per litre in about 32 hours. 


CANCER BIOLOGY 
Cilia's dual role 


Nature Med. doi:10.1038/nm.2011; 
doi:10.1038/nm.2020 (2009) 

Cilia, the thin filaments that protrude from 
many mammalian cells, can both inhibit and 
exacerbate tumour formation in mice 

Cilia are essential for proper functioning of 
the hedgehog signalling pathway, which has 
been found to go haywire in various cancers. 
Jeremy Reiter of the University of California, 
San Francisco, and his colleagues deleted 
genes for cilia formation in two mouse models 
of skin cancer, each carrying a mutation in the 
hedgehog pathway. Tumours did not grow in 
mice with one mutation, but were accelerated 
in mice carrying the other. 

Arturo Alvarez-Buylla, also at the 
University of California, San Francisco, and 
his colleagues found similar results modelling 
brain cancer in mice. In addition, they showed 
that some types of human brain cancer have 
cilia, whereas others do not, suggesting that 
cilia could aid in diagnosing cancer type. 


GENETICS 


Y-rated 


Curr. Biol. doi:10.1016/j.cub.2009.07.032 (2009) 
DNA sequencing of the human 
Y chromosome suggests that humans carry 
100-200 genetic mutations not seen in their 
parents. This direct measurement of the 
human mutation rate should help researchers 
to refine evolutionary dating and better 
understand the source of genetic disease. 
Yali Xue and Chris Tyler-Smith of 
Wellcome Trust Sanger Institute in Hinxton, 
UK, and their colleagues sequenced the Y 
chromosome of two men in China separated 
by 13 generations. Four mutations had 
cropped up during that time. Extrapolating 
out to the 6-billion-odd base pairs of the 
complete human genome, that translates to 
roughly one mutation per 30 million base 
pairs per generation on average. 
For a longer story on this research, 
see http://tinyurl.com/nv9u59 


MICROBIOLOGY 


Resistance is futile 


Clin. Infect. Dis. 49, 869-875 (2009) 

Antibiotic resistance in pathogens can be 
reversed by rolling back the total amount of 
the drug consumed, but it increases as soon 
as consumption rises again. 

During a seven-month period in 2001-02, 
the use of ciprofloxacin, a popular antibiotic, 
was restricted in Israel because supplies were 
being stockpiled in case of a bioterrorist 
attack. Michal Chowers and her colleagues 
at Tel Aviv University in Israel measured the 
ciprofloxacin sensitivity of the bacterium 
Escherichia coli from urine samples before, 
during and after this period. 

A near 50% drop in ciprofloxacin use 
reduced the percentage of samples containing 
resistant bacteria from 12% to 9%. But 
resistance surged as soon as people started 
popping the pills again. 


FOOD CHEMISTRY 


Bee-devilled by corn syrup 


J. Agric. Food Chem. 57, 7369-7376 (2009) 
Dangerous levels of toxins that can form 
in high-fructose corn syrup and endanger 
domesticated honeybees can now be easily 
predicted and eliminated. 

Blaise LeBlanc, while at the US 
Department of Agriculture in Tucson, 
Arizona, and his colleagues measured the 
rate of formation of hydroxymethylfurfural 
(HME), a heat-generated contaminant found 
in high-fructose corn syrup, honey and other 
foods. Over a 35-day period, they tracked 
HME content in several brands of syrup 
stored at different temperatures. They also 
established the concentration at which HMF 
becomes toxic to caged bees. 

Although temperatures of around 32 °C 
had little effect, those of 40 °C and above 
caused the HMF content to rise markedly. 
The rate of the increase can be precisely 
predicted from pH and other variables, the 
scientists say. HMF formation was lower in 
syrups of higher pH, and adding bases to 
syrup reduced levels of the toxin. 
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RESEARCH HIGHLIGHTS 


JOURNAL CLUB 


Richard Bennett 
Brown University, Providence, 
Rhode Island 


A microbiologist wonders what 
turns us on. 


An Internet search for the words 
‘pheromone attractant’ pulls up 
products ranging from human 
aphrodisiacs to control measures 
for the Colorado potato beetle. 

But sexual chemistry is not only 
important to humans and beetles, 
it is also relevant to many fungi. 
Fungal peptide pheromones are 
often released by one mating 
type to attract a partner of the 
opposite sex, thereby initiating 
the programme of sexual 
differentiation. This signalling 
is often highly specific so that 
pheromones attract only potential 
partners and not unwanted suitors. 

Work by Joseph Heitman and 
his colleagues at Duke University 
in Durham, North Carolina, 
provides a new spin on pheromone 
signalling in fungi (Y.-P. Hsueh 
et al. EMBO J. 28, 1220-1233; 
2009). While studying the fungal 
pathogen Cryptococcus neoformans, 
the authors became curious about 
the function of an uncharacterized 
pheromone-receptor-like gene. 

It turns out that this gene, 

CPR2, encodes a constitutively 
active receptor that stimulates 
downstream mating events in 

both the presence and absence 

of pheromones. During sexual 
differentiation, expression of CPR2 
is upregulated and supplements the 
activity of conventional pheromone 
receptors. A single amino-acid 
substitution in the Cpr2 protein, 
inatransmembrane domain 

that is highly conserved among 
pheromone receptors, was shown 
to be responsible for constitutive 
signalling activity. 

This demonstrates that the 
sexual lifestyles of unicellular 
organisms can be much more 
complicated than they first seem. 
Furthermore, constitutively active 
receptors have been implicated 
in many signal-transduction 
processes in mammalian cells. It 
remains to be seen whether sexual 
activity in more complex organisms 
also involves signalling components 
that are continuously turned on. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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NEWS BRIEFING 


@ POLICY 


Energy strategy: The Indian 
government has approved a 
national trading scheme for 
carbon credits and energy- 
efficiency certificates that it 
claims could be worth more than 
750 billion rupees (US$15 billion) 
by 2015. The National Mission 
on Enhanced Energy Efficiency, 
one of eight proposals in India’s 
climate-change strategy, is 
projected to reduce the country’s 
energy consumption by 5% a 
year, and cut about 100 million 
tonnes of carbon dioxide every 
year from its current annual 
emissions of 3 billion tonnes. 


Climate resolution: In an 
unexpected announcement 
on 27 August, China’s top 
legislative body approved a 
resolution calling for new laws 
to target energy saving and 
emissions reductions in the 
fight against climate change. 
The surprise move came at the 
close of a four-day session of 
the Standing Committee of the 
National People’s Congress. 

It was not originally on the 
meeting's agenda and, state 
media said, shows that measures 
to tackle climate change are 
moving closer to the heart of 
government policy. 


Flu pandemic: H1N1 flu 
vaccines will not be ready in 

the United States until mid- 
October, the US Centers for 
Disease Control and Prevention 
reiterated last week — despite a 
call from the President’s Council 
of Advisors on Science and 
Technology to accelerate vaccine 
production to mid-September. 
But Harold Varmus, co-chair of 
the 21-strong advisory panel, 
praised the federal government's 
response to the virus as “truly 
impressive”. 


@ BUSINESS 


Gas deal: Australia’s 
environment ministry approved 
a Aus$50-billion (US$42- 
billion) development of the 
country’s Gorgon natural gas 
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NUCLEAR ROW 
RESURFACES 


Ahead of national elections on 
27 September, a dispute flared 
up last week on how Germany 
will dispose of its nuclear waste. 
Documents published by a local 
anti-nuclear group show that in 
1983 Helmut Kohl's government 
altered a scientific report 
expressing concern over the 
Gorleben salt dome (pictured) — 
chosen in the 1970s to become 
the national long-term waste- 
storage facility. A moratorium 

on exploration of the site is due 
to expire next year. Chancellor 
Angela Merkel wants to retain 
Gorleben; but opposition party — 
and anti-nuclear — environment 
minister Sigmar Gabriel said it was 
“dead" and urged research into 
alternative sites. 


fields off northwest Australia. 
Energy companies Chevron, 
ExxonMobil and Shell expect 

to produce 15 million tonnes of 
liquefied natural gas a year from 
the project (about 8% of current 
global trade), much of it destined 
for China. Conservation groups 
worry that the facilities could 
damage the environment of 
Barrow Island, a local nature 
reserve. 


Blockbuster drug: AstraZeneca 
has announced that its blood- 
thinning drug candidate 
ticagrelor (Brilinta) out- 
performed one of the world’s 
best-selling drugs, clopidogrel 
(Plavix), in a head-to-head 

trial. In a study involving more 
than 18,000 patients, ticagrelor 
was better at reducing heart 
attack and stroke deaths than 
clopidogrel (L. Wallentin et al. 
N. Engl. J. Med. doi:10.1056/ 
NEJMoa0904327; 2009). 
Analysts say that the drug would 
enter a market worth around 
US$9 billion. 


Acquisition: Irish drug maker 
Warner Chilcott, based in 
Ardee, has announced plans 

to buy the prescription-drug 
business of Procter & Gamble, 


SOUND 
BITES 


“Hydrogen fuel cells 


are losers.” 


Burton Richter, Stanford 
University, California 


Speaking on 26 August at 

IBM's Almaden Institute the 
Nobel laureate said that today's 
expensive and short-lived fuel 
cells must to go back to the 

R&D lab. (Greentech Media) 
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based in Cincinnati, Ohio, for 
US$3.1 billion, all of which 

will be borrowed. Six banks are 
fronting $4 billion to bankroll 
the acquisition, including 

$1 billion to refinance Warner 
Chilcott’s current debt. The 
transaction, expected to close 
by the end of the year, would be 
the largest leveraged loan for an 
acquisition in 2009, portending 
the return of a looser lending 
environment. 


R. JENSEN/DPA 


Green investment: Government 
officials in Norway announced 
on 31 August that the 

country has redirected about 
US$4 billion of its $400-billion 
sovereign-wealth fund into 
environmentally friendly 
companies. The fund invests the 
country’s oil and gas revenues 
and owns around 1% of global 
stocks. The change in investment 
strategy was decided earlier in 
the year, and includes $1.2 billion 
for 232 Indian companies. 


Research productivity: 
European pharmaceutical 
companies offer a better bang 
for the buck than their US 
counterparts, according to 

a re-analysis of more than 

20 years of data on drug 


discovery. A 2006 investigation 
(H. G. Grabowski and Y. R. Wang 
Health Aff. 25, 452-460; 2006) 

of all novel drugs developed 
worldwide from 1982 to 2003 
concluded that the United States 
was most productive. But when 
Donald Light, a health researcher 
at the University of Medicine 

and Dentistry of New Jersey in 
Newark, controlled for the size 
of companies’ investment in 
R&D, he found that, dollar for 
dollar, Europe brought more new 
treatments to market (D. W. Light 
Health Aff. doi:10.1377/ 
hithaff.28.5.w969; 2009). 


@ RESEARCH 
Contract break: The US 
Department of Veterans Affairs 
has cancelled a five-year, 
$75-million contract with the 
University of Texas to research 
Gulf War syndrome. The 
department cited “persistent 
noncompliance and numerous 
performance deficiencies” as 
justification for ending the 
research contract after two years. 
The university said it “strongly 
disagreed” with the department's 
assessment. A July report from 
the department's inspectorate 
had accused the university's 
Southwestern Medical Center 
at Dallas of breaking the terms 
of the contract, failing to send 
bills on time and unilaterally 
changing an informed consent 
form after it had been agreed. 


Geoengineering: Britain’s 
national academy of science, the 
Royal Society, has released its 
first report analysing schemes 
to alter Earth’s climate ona 
global scale. The 1 September 


NUMBER 
CRUNCH 


$67 billion 


Annual amount 

sought by Africa from 
developed nations to 
mitigate the effects of 
climate change. African 
leaders met in Libya 
this week to firm up the 
draft proposal. 


report looked favourably on 
seeding the stratosphere with 
sulphates to reflect back sunlight, 
and on filling agricultural land 
with minerals to absorb carbon 
dioxide, but cautioned that even 
preliminary research projects 
would need international pre- 
review. For more, see page 19. 


Climate change: The global cost 
of adapting to global warming 
has been grossly underestimated, 
according to a report released on 
27 August by the International 
Institute for Environment and 
Development in London. It could 
be at least 2-3 times mare than 
the 2007 estimate from the United 
Nations Framework Convention 


on Climate Change of between 
US$49 billion and $171 billion per 
year, the study’s authors say. For 
more, see page 24. 


@ EVENTS 


Doctorate scandal: Prosecutors 
in Germany have made public 
their ongoing investigation 

into academics who may have 
taken bribes to award doctoral 
degrees to students. Professors 
from a number of universities are 
suspected of accepting payments 
of €2,000-5,000 (US$2,870- 
7,175) to supervise PhDs — and 
to ensure that passes were 
awarded to students that might 
not have made the grade. The 
director of a Cologne-based 
academic consulting firm that 
allegedly connected would-be 
PhDs with bribable professors 
was jailed last year, along with an 
unnamed law professor from the 
University of Hanover. 


Japan election: The Democratic 
Party of Japan (DPJ) won a 
landslide election on 30 August, 
wresting power from the Liberal 
Democratic Party (LDP), which 
had ruled almost continuously 
since 1955. The DPJ, which is led 
by Yukio Hatoyama (pictured), 
has promised to increase the 
science budget and replace the 
country’s highest science-policy 
body, the Council for Science 
and Technology Policy, with 

a ‘strategy office’ that would 


THE WEEK 
AHEAD 


6-10 SEPTEMBER 

The 16th Congress of the 
International Society of 
Developmental Biologists meets 
in Edinburgh, UK 

> www.isdb2009.com 


8 SEPTEMBER 

The US Congress returns from 

its summer recess. Later this 
month, the Senate is expected 

to introduce for discussion its 
version of a cap-and-trade bill for 
carbon emissions. 


promote science more actively. 

It has also called for a aut in 
greenhouse-gas emissions to 
more than 25% below 1990 levels 
by 2020, a much bigger reduction 
than the LDP’s 8% proposal 

(see Nature 460, 938; 2009). 


Lunar losses: India formally 
abandoned its first lunar orbiter 
on 30 August, after scientists 

at the Indian Space Research 
Organisation (ISRO) abruptly 
lost radio contact with the probe. 
Chandrayaan-1, launched last 
year to map the Moon, ended 

its mission 14 months early, 

but the ISRO said it had met 
most of its scientific objectives. 
Meanwhile, NASA’s Lunar Crater 
Observation and Sensing Satellite 
(LCROSS) accidentally burned 
up most of its spare fuel on 

22 August. Mission managers say 
it remains on track to smash into 
the Moon on 9 October, in the 
hope of kicking up evidence of ice. 


BUSINESS WATCH 


Chemical reagent company Sigma-Aldrich is to 
spin off a business that will create genetically 
modified (GM) rats. Sigma Advanced Genetic 
Engineering Labs, based in St Louis, Missouri, 
should start taking orders by October, according 
to Sigma representatives. Early releases 

will include knockouts for the genes APOE], 
implicated in atherosclerosis and Alzheimer's, 
and DISC1, associated with schizophrenia. 

The market for GM animals is expected to grow 
by 12% a year over the next 3 years, says Eric 
Ostertag of Transposagen Biopharmaceuticals, 
based in Lexington, Kentucky, one of the world’s 
only suppliers of GM rats. But it is dominated 
by knockout mice; in Britain last year, they 


outnumbered GM rats by 1.2 million to 6,000 
(see chart; figures exclude Northern Ireland). 
Rats are seen as superior to mice as models 
for several human diseases, but are harder 
to manipulate genetically using embryonic 
stem-cell methods. Sigma-Aldrich uses zinc 
finger nucleases — a technology licensed from 
California-based Sangamo Biosciences — to 
delete specific genes directly in the rat embryo 
(see A. M. Geurts et al. Science 325, 433; 
2009). The firm will launch its first catalogue 
of animals in October at the Society for 
Neuroscience meeting in Chicago, Illinois. 
For a longer version of this story, see 
http://tinyurl.com/m78fw7 
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NEWS 


Climate-control plans scrutinized 


The Royal Society reviews options for fighting global warming with geoengineering. 


As atmospheric levels of carbon 
dioxide soar and political efforts to 
control emissions stagnate, one sci- 
entific academy says that it is time to 
consider radical intervention. 

On 1 September, the Royal Society, 
Britain’s premier scientific organiz- 
ation, released its first analysis of a 
host of controversial methods for 
intentionally altering Earth's climate. 
Such approaches, known broadly as 
geoengineering, could slow or halt 
climate change by either restrict- 
ing the amount of sunlight heating 
Earth’s surface or reducing levels of 
carbon dioxide in the atmosphere. 

But they could also have disas- 
trous side effects, such as stifling 


Geoengineering ideas include using sea salt to brighten clouds. 


could turn fields into carbon sponges, 
absorbing massive amounts of carbon 
dioxide. And seeding the stratosphere 
with sulphate aerosols — a process 
that would increase the atmosphere’s 
reflectivity — could mimic the imme- 
diate cooling effects of major volcanic 
eruptions. The sulphate strategy has 
the advantage of being a quick way 
to cool the planet, Shepherd says. 
But to keep it cool, “you have to 
keep it going for many decades or 
possibly centuries’, he says. “There is 
no silver bullet” 


Dangerous distraction 
Most of the top-ranked strategies 
do have potentially catastrophic 


the Asian monsoons or altering the 

oceans’ oxygenation or pH. For these reasons, 
the society is calling for international regimes 
to review even preliminary research projects. 
Further work, it says, must also go into devel- 
oping rules for how and when geoengineering 
might be used. 

Because the science and policy surrounding 
geoengineering is so complex, any potential 
scheme would take decades to put into prac- 
tice, says John Shepherd, an Earth scientist 
at the University of Southampton, UK, who 
chaired the report. “These things may help us 
get out of a fix later in the century,” he says. 
“But we have to do research now.” 

Geoengineering proposals have been around 
for decades, but most have been dismissed out 
of hand because they often seem outlandish, 
costly or downright dangerous. Some research- 
ers see the Royal Society report as the first real 
indication that geoengineering is being taken 
seriously. “This is actually quite a big deal? says 
David Keith, an environmental engineer at the 
University of Calgary in Alberta, Canada, and 
one of a dazen authors on the study. The report 
is “the first major national academy report 
solely devoted to this topic’, he says. 

Shepherd stresses that the Royal Society 
wasnt trying to pick winners and losers among 
possible geoengineering approaches, but the 
group did weigh in with which concepts they 
consider the most promising for future study 
(see ‘Thinking big’). Some popular ideas 
received low marks. The idea that painting 
roofs white could cool urban areas — proposed 
among others in a 27 August geoengineering 
report by the UK Institution of Mechanical 


Engineers — would produce a near-negligible 
change in Earth's overall temperature, the Royal 
Society argued. Also low on the list was using 
iron to increase carbon-absorbing algal booms 
in the ocean. Such algal outbreaks would absorb 
relatively little carbon, the new study warns, and 
would consume vast amounts of oxygen, poten- 
tially leading to oceanic dead zones. 

Other ideas were viewed more favourably. 
Artificial weathering, the acceleration of geo- 
logical carbon-absorbing processes, was among 
the most promising ways to capture carbon, 
according to the panel. Filling agricultural 
land with carbonate and silicate compounds 


Thinking big 
Five ideas for engineering the planet. 


Stratospheric aerosols Spraying the 
atmosphere with sulphates is risky, but could 
cool the planet quickly. 


Air capture Man-made scrubbers to remove 
carbon dioxide directly from the air could 
work, but are likely to be expensive. 


Cloud brightening Spraying sea salt into the 
sky to brighten clouds would only cool the 
region below. 


Enhanced weathering using silicates or 
carbonates to absorb CO, could work, but 
more study is needed. 


Space reflectors to cool Earth would cost 
trillions of dollars. The panel recommends 
keeping space-based research desk-based 


for now. GB. 
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side effects. Some models suggest 
that putting sulphates into the stratosphere 
could degrade the ozone layer or alter the 
monsoons — affecting the livelihoods of bil- 
lions of people. Using silicate or carbonate 
compounds, meanwhile, could alter the pH 
of soil or marine ecosystems, depending on 
how researchers dispose of the material. For 
these reasons, experiments must undergo 
stringent ethical review and public discus- 
sion, says Michael Oppenheimer, a geoscience 
and policy researcher at Princeton University 
in New Jersey who reviewed the study. “Sci- 
entists should not take a step in the direction 
of field experiments until these issues are 
resolved,” he warns. 

Panel members acknowledge that the biggest 
risk from geoengineering may be that it dis- 
tracts from the main accepted way of stopping 
climate change: reducing the amount of green- 
house gases being spewed into the atmosphere. 
“Geoengineering is already being seen as an 
easy way out,’ warns Doug Parr, chief scientist 
of environmental campaigners Greenpeace 
UK. Shepherd agrees that geoengineering is 
no substitute for curbing fossil-fuel use and 
developing alternative energy sources. “In [the 
panel’s] view, the primary focus has to remain 
on conventional emissions,” he says. 

For now, Shepherd thinks that a modest 
annual expenditure of around £10 million 
(US$16 million) should be enough to deter- 
mine which schemes hold the most promise. 
“In five to ten years’ time,” Shepherd predicts, 
“we'll have an idea whether it’s worth spending 
serious research money on this.” a 
Geoff Brumfiel 
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Pandemic flu: from the front lines 


As the novel H1N1 pandemic flu virus infects people worldwide, researchers in some of the affected 
countries describe in their own words the scientific and public-health challenges they face. 


MEXICO 

POPULATION 110 MILLION 

Data suggest that Mexico has seen two waves of 
infection — the first, which peaked in late April, 
affected the Mexico City area, and the second, 
broader wave spanned June through August 
in southern states, including Chiapas, Yucatan 
and Quintana Roo. To prepare for a potentially 
larger wave this winter, Mexico is raising pub- 
lic awareness, standardizing timely diagnosis 
and treatment and reinforcing equipment and 
management protocols in intensive-care units 
throughout the country. 

To improve surveillance, Mexico has acceler- 
ated the upgrading of its public-health labora- 
tory network. The national reference laboratory 
and 28 states will soon have real-time PCR 
for running diagnostic tests. This builds on a 
restructuring of Mexico’ national surveillance 
and reporting systems, which started in 2007. 

As Mexico’ strategic reserve of antivirals 
would cover only 1% of the population for 
community cases and up to 80,000 hospitalized 
cases, the nation is implementing a central logis- 
tics and delivery system to assure their efficient 
allocation. The country also expects to have 20 
million doses of the H1N1 vaccine available 
by December. As even this would cover only a 
fraction of the population, the government will 
prioritize health-care workers, then individuals 
at risk of severe disease, such as pregnant women 
and people with chronic underlying illnesses. 
Stefano Bertozzi, executive director at the Center 
for Evaluation Research and Surveys at the 
National Institute of Public Health in Cuernavaca 


AUSTRALIA 

POPULATION 21 MILLION 

The timing of the epidemic has differed across 
the country, which has meant that we needed 
different public-health measures and messages 
in individual states. The pandemic virus seems 
to be outcompeting the seasonal flu viruses. 
The great majority of flu cases around the 
country are now pandemic H1N1. 

One interesting question is whether this 
pandemic virus will completely replace any of 
the seasonal flu strains. If it doesn't, that’s going 
to complicate the production of future seasonal 
flu vaccines, as we will need a vaccineagainst 
four strains instead of the current three. The 
Australian government has ordered 21 million 
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doses of dedicated pandemic virus vaccine, so 
if we need two doses per person, that covers half 
the population. There has been a lot of discus- 
sion about who should get it first, and when. 

We are seeing similar patterns of disease 
severity to those reported worldwide, with 
most cases being mild. But there have been a 
significant number of cases with severe disease, 
not just in the at-risk groups, but also in healthy 
people. Our indigenous population is being 
hit harder, and we are seeing disproportionate 
numbers hospitalized with severe disease. 

An important message for other countries 
that have intensive-care facilities is to expect 
significant pressure on them. There is a need 
for mechanical ventilators, and we have seen 
heavy use of scarce extracorporeal membrane 
oxygenation units. 

Anne Kelso, director of the World Health 
Organization Collaborating Centre for Reference 
and Research on Influenza in Melbourne 


JAPAN 

POPULATION 128 MILLION 

Japan stopped counting cases on 25 July and 
launched a new cluster surveillance system that 
is directly in the hands of the health ministry. 
Our Infectious Disease Surveillance Center no 
longer has any disease data feed, making it dif- 
ficult to analyse epidemiological trends or dis- 
ease burden. But we have received hundreds of 
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reports through routine sentinel-based surveil- 
lance of clusters of disease from many regions 
and big cities, so there is extensive spread. 

The demand on public-health services to 
report and investigate all cluster cases is over- 
whelming public-health staff and leading to a 
breakdown in the normal public-health diag- 
nostic service in local laboratories. 

With the rising numbers of cases we are see- 
ing a corresponding increase in deaths. As else- 
where, it is younger people who are affected with 
more severe disease requiring hospitalization, 
but the overall hospitalization rate is no greater 
than that of human seasonal influenza. Japan 
has an ageing population with large numbers of 
people older than 65, many with at-risk under- 
lying health conditions, but so far pandemic 
HINI seems to be largely sparing the elderly. 

The country’s pandemic plan was based 
almost entirely on a severe pandemic of HSN1 
avian influenza, which limited medical consul- 
tations to just a few hospitals. 

The government seems to be relaxed with 
the low level of epidemic by the less virulent 
virus since May, and seems to have yet to draw 
any lessons from the pandemic. As a result, 
local and regional authorities have now inde- 
pendently started to prepare for the coming flu 
season. 

Masato Tashiro, director of the Department of 
Viral Diseases and Vaccine Control at the National 
Institute of Infectious Diseases in Tokyo 


SOURCE: ECDC 


Q&A: STEPHEN MINGER 
Stem-cell scientist to head 
GE-Geron drug screening 
collaboration. 
www.nature.com/news 


ARGENTINA 

POPULATION 40 MILLION 

The current epidemiological situation is a 
generalized spread of the virus throughout the 
country, although with a marked downward 
trend in the number of reports of the levels of 
influenza-like illness. The epidemic started in 
mid-May in Buenos Aires, and three weeks later 
spread to the city’s larger metropolitan area. 
Activity peaked on 25 July, with influenza A 
representing 80% of the circulating respiratory 
viruses; 65% were H1N1-pandemic confirmed. 
Very few isolates were H3 and H1 seasonal. 

Health systems in Argentina were overloaded 
because of government advice to people to con- 
sult a physician on first signs of flu symptoms 
such as fever or cough. 

The major challenge at the lab level was in 
diagnosing the first cases produced by a new, 
unknown virus. Later, the challenge was for lab 
capacity to meet demand. Information transmit- 
ted to the public was not always clear enough, 
and the mass media had a negaive role, includ- 
ing providing contradictory information and 
producing fear. 

Vilma Savy, head of the respiratory virus service at 
the National Institute for Infectious Diseases in 
Buenos Aires 


VIETNAM 

POPULATION 85 MILLION 

The first cases in Vietnam were at the end of 
May, a bit later than in many other parts of 
Asia, probably because Vietnam does not 
have a major international airport hub. We are 
now seeing an increase in disease and a small 
number of severe cases. Vietnam was a hotspot 
for H5N1 avian influenza in 2003 and 2004, and 
the pandemic preparation that resulted from 
both this and SARS has made a massive differ- 
ence to the current situation. 

Prior to avian flu, few hospital staff had com- 
munity-acquired pneumonia on their radar; 
attention was concentrated on malaria, dengue 
fever and tuberculosis. Now clinicians have 
a much greater awareness of the need to look 
out for clusters of respiratory illnesses. There 
has also been greater interaction and collabora- 
tion between clinical and other researchers, and 
between centres across the country. 

Access to vaccines and drugs remains an 
important issue. There is a global shortage of 
vaccines, and the rich countries have bought 
up all the first stocks. This is a really urgent 
issue; if we can get this right now, then many of 
the past issues aound sharing of samples, data 
and general openness on emerging infectious 
diseases will be helped, maybe resolved. If we 
get it wrong, we will be back to square one. If 
ever there was a time br the rich world to reach 


out and ensure equity of access to drugs and 
vaccines, it is now. 

Jeremy Farrar, Vietnam director for the Wellcome 
Trust Major Overseas Programme, director of 
Oxford University's Clinical Research Unit in 

Ho Chi Minh City, and coordinator of the South East 
Asia Infectious Disease Clinical Research Network 


UNITED STATES 

POPULATION 301 MILLION 

US health-care systems have been stretched and 
have no surge capacity. The system cannot han- 
dle this pandemic, even it if remains moderate 
in severity. The same applies to many of the sup- 
plies we get. Ask anybody who has tried to order 
an N95 respirator recently; there aren't any. We 
recently surveyed a group of world-class phar- 
macists to identify the essential drugs needed 
daily to keep patients from dying. They came 
up with a list of more than 30 — all generics, 
and most made offshore, mainly in Asia, and 
China and India in particular. Nobody is think- 
ing what might happen to US or global supply 
chains when pandemic flu hits these countries, 
where the primary workforce are the young, 
who are most affected by the virus. 

The United States has a federal programme 
for vaccine procurement but it is administered 
at the state level, and the two do not always mesh 
up. It is still not dear how this vaccine is going to 
be rolled out, or whether it will be here in time. 

I worry most that, given current existing 
public concerns about vaccines, in the autumn 
we might see mounting public responses and 
concerns about pandemic-vaccine safety, and 
people refusing to be vaccinated. Expect the 
unexpected over the next six manths. 

Michael Osterholm, director of the University of 
Minnesota's Center for Infectious Disease 
Research and Policy in Minneapolis 


INDIA 


POPULATION 1.1 BILLION 

The virus is now transmitting in city clusters. 
Large numbers of people are turning up at des- 
ignated testing facilities, swamping an already 
stretched surveillance system, so there is little 
room for monitoring mutations and reassort- 
ment. This should be done. One way would be 
to bring in academic labs outside of the gov- 
ernment testing system, but sharing of clinical 
materials and trust is low. 

Deaths have sparked a fair amount of con- 
cern and panic. Poor communication of risks 
by the government and the public-health sys- 
tem is largely to blame. 

Even if this pandemic remains moderate, the 
impact in India is likely to be severe, owing to 
its high population density, low awareness of 
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the pandemic and the propensity of the virus to % 
infect the young (50% of Indians are under 25 
years of age). Moreover, there is a high load of 
other infectious diseases as well as chronic con- 
ditions, groups that are at higher risks of severe 
forms of pandemic H1N1 disease. The health- 
care infrastructure is poor. 

Despite this bleak outlook, India has strengths 
for tackling the virus, including that the govern- 
ment has pandemic plans in hand, and that we 
have a vibrant generic-pharmaceutical industry 
as well as a decent capacity for manufacturing 
vaccines. There is little clarity, however, as to 
India’s vaccine plans, and the regulatory proc- 
ess is archaic, so it is not even clear whether 
pandemic vaccine could be rapidly approved 
for use in the country. The government says it 
has enough Tamiflu for 3 million people. 
Shahid Jameel, head of the virology group at the 
International Centre for Genetic Engineering and 
Biotechnology in New Delhi 


SUB-SAHARAN AFRICA 
POPULATION 800 MILLION 

HINI has not yet been reported in Nigeria, or 
any of the other sub-Saharan African countries 
with which we collaborate — Niger, Burkina 
Faso or the Central African Republic, although 
the Democratic Republic of Congo has one con- 
firmed case. But surveillance is still very poor, 
and the virus may well often escape detection. 
International media attention to the pandemic 
is probably more than it deserves from an Afri- 
can public health point of view. Any diversion 
of resources from other important programmes 
needs to be carefully evaluated for long-term 
cost-benefit and sustainability. 

Systems for lab surveillance and reporting of 
respiratory illnesses have improved since H5N1, 
which has hit nine sub-Saharan African coun- 
tries since it first spread to the continent in 2006. 
With international support Nigeria, for exam- 
ple, has set up a central national laboratory for 
human influenza surveillance in Abuja, as well 
as several decentralized satellite labs. 

There is no culture of testing for respiratory 
viruses, however, and the effort that went into 
H5NI1 control is losing steam. The H5N1 virus 
was perceived as a major threat to the poultry 
industry, whereas the disease burden of pan- 
demic flu seems low. Don't expect much mobi- 
lization for a virus where most cases are mild.m 
Claude P. Muller, head of the Institute of 
Immunology at the WHO Collaborative Center for 
Reference and Research on Measles Infections in 
Luxembourg 


Interviews by Declan Butler 
See www.nature.com/swineflu for more on 
pandemic flu. 
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Low standardS'could mean that 


azardous genes get through 
screening moregasily. 


Keeping genes out of terrorists’ hands 


Gene-synthesis industry at odds over how to screen DNA orders. 


A standards war is brewing in the gene-synthesis 
industry. At stake is the way that the industry 
screens orders for hazardous toxins and genes, 
such as pieces of deadly viruses and bacteria. 
Two competing groups of companies are now 
proposing different sets of screening stand- 
ards, and the results could be crucial for global 
biosecurity. 

“If you have a company that persists with a 
lower standard, you can drag the industry down 
to a lower level,” says lawyer Stephen Maurer 
of the University of California, Berkeley, who 
is studying how the industry is developing 
responsible practices. “Now we have a stand- 
ards war that is a race b the bottom” 

For more than a year a European consortium 
of companies called the International Asso- 
ciation of Synthetic Biology (IASB) based in 
Heidelberg, Germany, has been drawing up a 
code of conduct that includes gene-screening 
standards. Then, at a meeting in San Francisco 
last month, two of the leading 
companies — DNA2.0 of Menlo 
Park, California, and Geneart 
of Regensburg, Germany — 
announced that they had for- 
mulated a code of conduct that differs in one 
key respect from the IASB recommendations. 

Both codes involve an automated step, in 
which the genes in a customer's order are 
compared against those from organisms 
on lists such as the US Centers for Disease 
Control and Prevention’s ‘select agents’ list. 
This step uses computer programs such as 
the US National Center for Biotechnology 
Information’s Basic Local Alignment Search 
Tool (BLAST), which searches for similarities 
between gene sequences. 

But although the IASB standard specifies that 
a human expert will follow up on possible ‘hits’ 
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identified in the automated screening step, the 
DNA2.0/Geneart code ends with the automated 
screening step. The two firms are now merging 
their databases of genes of concern. This wor- 
ries some observers, because it is difficult to 
translate the list of select-agent organisms into 
lists of dangerous genes (although a panel con- 
vened by the National Academy of Sciences is 
meeting in Washington DC on 3 September to 
grapple with this problem). And no me believes 
that such lists will catch every dangerous gene. 
For instance, they might not identify genes from 
harmless organisms that had been modified in 
some new and deadly way, so many companies 
use human expertise to review the results. 


Lowest common denominator 
But human expertise costs mo ney, and 
competition is fierce in the gene-synthesis field, 
with roughly 50 dedicated companies fulfill- 
ing some 50,000 gene orders per year. And 
some observers think that the 
industry as a whole might now 
adopt the cheaper DNA 2.0/ 
Geneart standard. That con- 
cerns Markus Fischer, a mem- 
ber of the IASB board and a managing director 
of Entelechon of Regensburg. 
“The proposal from DNA2.0 and Geneart is 
a kind of lowest-common-denominator idea,’ 
Fischer says. “Simply taking a list of genes, 
performing a BLAST against them and taking 
a sort of threshold cut-off and saying every- 
thing below that cut-off is not of interest to us 
is frankly a little bit naive and dangerous.” 
Claes Gustafsson, vice-president of sales and 
marketing for DNA2.0, counters that human 
screening is also not perfect. “There’s no way 
to standardize it? he explains. And as for the 
incomplete nature of databases of select-agent 
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genes, “we're just going to deal with the stuff 
that we know something about’, he says. “How 
do you deal with the unknown’ It’s outside the 
scope of science.” 

He also says that discussions on govern- 
ance of gene synthesis have been going on 
among policy experts and governments for 
many years, with no definitive conclusion. 
“We decided to standardize everything, make 
it consistent, and move on,” he says. 

Other companies have not yet decided 
where they stand on the issue. In November, 
the IASB will convene a meeting in Cambridge, 
Massachusetts, to discuss adopting its code of 
conduct. But already, some companies are 
intrigued by the DNA2.0/Geneart proposal. 

“Our intention is to review the [DNA2.0/ 
Geneart] process and seriously consider 
switching to that,” says John Mulligan, founder 
and chief s cientific officer of Blue Heron 
Biotechnology, a gene-synthesis company in 
Bothell, Washington. His company might, 
however, still keep some of its manual scrutiny. 
“What I see may come out of this is a sandard- 
ized minimum across the industry with some 
companies choosing to augment that,” he says. 

Maurer says he hopes that government 
officials in the United States, the country most 
concerned about biosecurity, will step in and 
communicate with industry about its preferred 
standard. So far, many branches of the govern- 
ment have been involved in working on poten- 
tial regulations, but none has offered opinions 
on concrete issues such as xreening standards. 

“T think if the government expressed an 
opinion, DNA2.0 would blink,” Maurer says. 
“A little bit of effort now would steer them 
towards the top of existing practice rather than 
near the bottom?’ 

Erika Check Hayden 
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Stem-ce 


California’s troubled economy has hit 
the state’s ambitious stem-cell research 
programme, delaying the construction of 
facilities and disrupting recruitment. 

At least three of the dozen groups 
that received a share of US$271 million 
in building grants from the California 
Institute for Regenerative 
Medicine (CIRM) won't make the 
construction deadline of the end of 
2010. And efforts to recruit stem- 
cell researchers have stalled at some 
institutions, because of the delays in 
setting up lab space and because of 
university hiring freezes. 

At the University of California, 
Berkeley, administrators had hoped to 
recruit 15 principal investigators for a new 
$160-million building, including two floors 
paid for with $20 million from the CIRM. 
The building is on track to open in January 
2011, “but we have no recruitments under 
way’, says Mark Schlissel, the university’s 
dean of biological sciences. “My real fear 
is that the University of California system 
and California will recover slower than the 
United States.” 

The CIRM was created by a statewide 
vote in 2004 to pump $3 billion into stem- 
cell research when President George W. 
Bush had restricted federal funding for 
work in the field. The initiative called for 
spending the money over a decade, so to 
help keep things on track, when the CIRM 
handed out building grants in May 2008, 
it required the projects to be completed 
within two years. That schedule is now in 
doubt for some. 

In San Diego, the delay may stem from 
a decision by institutions to join forces. 
The CIRM gave $43 million to the Sanford 
Consortium for Regenerative Medicine, 
which is made up of the historically 
competing Salk Institute for Biological 
Studies, the Scripps Research Institute, the 
Burnham Institute and the University of 
California, San Diego. 

But because the consortium doesn’t 
have a financial track record, officials say 
that it couldn't get a cost-effective loan to 
help finance its $110-million building, 
and construction stalled. The group is now 
seeking a University of California guarantee 
for a $60 million tax-exempt bond to 
underwrite construction so the facility 
can open in 2011. However, the university 
system is also experiencing its worst-ever 
financial stress (see Nature 460, 441; 2009). 


RECESSION 
WATCH 


| projects falter 


Sanford consortium officials also 
negotiated with their major donor, South 
Dakota philanthropist Denny Sanford, to 
provide more money upfront. The group 
arranged to receive a promised gift from 
Sanford in a ump sum of $7.25 million now 
instead of $10 million later. 

In Novato, the CIRM facility 
at the Buck Institute for Age 
Research has also run into delays. 
The institute was supposed to 
match $20.5 million provided by 
the CIRM. But it couldn't raise the 
money and is now hoping to get the 
money from economic stimulus 
funds from the US National 
Institutes of Health. If that fails, the institute 
plans to seek a tax-exempt bond. The CIRM 
has given the institute a deadline of March 
2010 to break ground or risk losing its grant. 

As plans crawl along, university 
partners are gauging how this might affect 
recruitment. Lawrence Goldstein, stem- 
cell research programme director at the 
University of California, San Diego, says 
that the roughly 15 stem-cell researchers 
recruited in recent years are becoming 
“landlocked”. “Our young people need to 
expand their labs,” he says. 

In Santa Cruz, the University of 
California regents last month bailed the 
local campus out with $64 million. That 
will help to pay for a bioscience building 
to include a stem-cell research floor partly 
funded by the CIRM. I, too, is behind 
schedule. 

At the University of California, Irvine, 
administrators called for bids for a new 
$61-million facility, which involved 
reusing a plan from an already constructed 
building. The competition for work was 
intense and, because it didn't involve new 
designs, the university ended up getting 
an extra, incomplete floor added to its 
building for no extra cost. Peter Donovan, 
co-director of the campus stem-cell 
programme, says hed like to finish the 
floor and recruit for it too, but can’t. “We 
committed to five stem-cell faculty hires,” 
he says, “but recruitments now are frozen.” 

Nevertheless, the CIRM is pushing ahead 
to try to lure recruits in the tight fiscal 
environment. On 20 August its governing 
board approved $44 million to bring new 
scientists to the state. a 
Rex Dalton 
For more recession stories, see www.nature.com/ 
recessionwatch. 
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Cost of climate change underestimated 


The global cost of adapting to climate change 
could be 2-3 times higher than previously 
thought, says a study published on 27 August. 

In 2007, the United Nations Framework 
Convention on Climate Change (UNFCCC). 
suggested that the annual cost of climate adap- 
tation, starting in 2030, would be between 
US$49 billion and $171 billion. The new report 
says this estimate does not account for climate 
change’s effects on key sectors such as energy, 
manufacturing, tourism and ecosystems. 

The question of how to finance adaptation 
will be at the heart of December’s negotia- 
tions in Copenhagen to forge an international 
climate deal to replace the Kyoto Protocol when 
it expires in 2012. 

“There are dangers in having apparently 
low estimates for the cost of adaptation, which 
would make adaptation seem like a cheap 
alternative to mitigation,” says the study’s 
lead author Martin Parry, a visiting research 
fellow at the Grantham Institute for Climate 


Change at Imperial College London. 

The UNFCCC numbers were not intended to 
be the final word but rather a ball-park figure to 
get the negotiations rolling, says Sudhir Sharma, 
manager of financial cooperation and capac- 
ity building at the UNFCCC 
secretariat in Bonn, Germany. 
“We clearly indicated that this 
was not an exhaustive study,’ 
he says. “Our objective was 
to kick-start the process of 
putting numbers on the cost of adaptation so 
that other groups could pick up the baton and 
refine them.” 

The latest work suggests that in the area of 
water management, the UNFCCC estimate 
of $11 billion per year overlooks the expenses 
of floods and of transporting water from areas of 
plenty to areas in need. In health, the UNFCCC 
figure of $5 billion per year considered changes 
only in malaria, diarrhoea and malnutrition in 
developing nations and not the health burden of 


“There are dangers in 

having apparently low 
estimates for the cost 
of adaptation." 


climate change in developed nations. The new 
report also notes that the UNFCCC estimates 
excluded the costs of protecting ecosystems and 
the services they provide. On its own this sec- 
tor could cost well over $350 billion per year, 
says Parry. 

The report, published by the 
International Institute for Envi- 
ronment and Development 
in London and the Grantham 
Institute, does not provide spe- 
cific cost estimates, however. 

Those may come shortly from other groups. 
In mid-September, the Economics of Climate 
Adaptation Working Group, a consortium of 
researchers, consultants and economists, will 
release a report on adaptation costs. And on 
29 September the World Bank is expected to 
launch its own study in the area. a 
Anjali Nayar 
For more climate coverage, see nature.com/ 
roadtocopenhagen 


24 


© 2009 Macmillan Publishers Limited. All rights reserved 


Budget instructions 


US science agencies may need to prove they are solving 
national problems. David Goldston explains. 


President Barack Obama released the first 

document that hints at how it intends to 
shape the science and technology budget for 
fiscal year 2011. If the administration rigor- 
ously applies the principles in the document, 
federal science agencies may need to alter their 
focus and procedures. For better or for worse, 
that is making universities’ lobbyists jittery. 

Although fiscal year 2011 does not begin 
until 1 October 2010, and the president's pro- 
posed budget will not be released until Febru- 
ary, drafting has already begun, and this will 
be the first spending plan that bears the full 
imprint of the Obama administration. (Fiscal 
2009 began before Obama took office, and the 
2010 budget was pulled together on a highly 
abbreviated schedule before all the key admin- 
istration officials were in place.) So this is the 
first time that the president’s science adviser, 
John Holdren, and budget director, Peter 
Orszag, have gone through the annual exer- 
cise of jointly issuing a memorandum to guide 
the agencies as they prepare their budgets for 
White House review. 

What is striking about the 4 August memo 
is its emphasis on tightly linking research pro- 
grammes to solving what are pointedly labelled 
as “practical challenges’, its focus on evaluating 
programme outcomes with data that would be 
made publicly available, and its call for shifting 
money away from “lower priority” areas. The 
document is also notable for what it omits: the 
term ‘basic research is never used, no men- 
tion is made of the president’s commitment 
to double the budgets of several science agen- 
cies and no new cross-agency programmes are 
proposed. 

All this, together with the memo’s vague 
directive that agencies should work to improve 
“the productivity of our research institutions, 
including our research universities’, has been 
greeted with consternation in universities’ 
Washington offices, and university groups 
are discussing how to respond. But the memo 
may win favour with advocates of technology 
policy, who have complained that the admin- 
istration is too focused on science and not 
enough on how to promote innovation in the 
economy. The document should also bring 
smiles to academic science-policy experts, who 
for years have argued that the science budget 
should be designed more to address specific 
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national needs and less to satisfy the interests 
of researchers and agencies. 

The key question, of course, is how the 
memo will be implemented. Take, for exam- 
ple, biomedical research. Holdren and Orszag 
define the “practical challenge” for that field 
as “applying biomedical science and informa- 
tion technology to help Americans live longer, 
healthier lives while reducing health care costs”. 
Does that mean that the National Institutes of 
Health will have to make a case that its pro- 
posed research will lead in some definable and 
measurable way to lower health-care costs? Or 
will it be able to make a generic claim, as it has 
in the past, that research can reduce health 
expenses? The memo seems to say that mere 
assertions will no longer be sufficient, arguing 
that “agencies have a responsibility to explain 
how Federal science and technology invest- 
ments contribute to... improved health out- 
comes” and to prove it with data. 

Pushing agencies to build their budgets 
around specific and measurable outcomes 
that would benefit the public could have a 
salutary effect — if it doesn’t put programmes 
in a straitjacket. The memo dees instruct agen- 
cies to “support long-term, visionary thinkers 
proposing high-risk, high-payoff research” and 
requires agencies to come up with metrics to 
determine whether such research is being sup- 
ported. But an emphasis on specific outcomes, 
which include “job creation’, can push agencies 
away from riskier projects. 

Moreover, no previous administration has 
been particularly good at figuring out how 
to evaluate science programmes, especially 
those that involve fundamental research. The 
administration of George W. Bush created 
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something called the Program Assessment 
Rating Tool to review all programmes, but 
even Bush officials were cautious in applying 
it to basic science. In any event, the tool never 
gained widespread acceptance within the 
government, and agencies complained that 
budget decisions often did not take account 
of the ratings. 

A lot of intellectual work will be needed to 
develop appropriate metrics — some of that is 
ongoing under the National Science Founda- 
tion’s Science of Science and Innovation Policy 
effort — and to limit the burden of gathering 
data. And a cnicial task will always be to decide 
how quickly an outcome should become evi- 
dent — inherently an art as much as a science, 
and a political art at that. 

The Obama administration is trying to come 
up with measures to determine the impact of 
the American Recovery and Reinvestment 
Act, which promised short-term job growth, 
including through science spending. Some uni- 
versity officials were rightly uneasy about the 
precedent of evaluating science programmes 
on that basis, but the memo explicitly cites the 
Recovery Act as a positive precedent for “trans- 
parency” and lists job creation as a gpal for sci- 
ence and technology programmes, although 
it does not specify a time period (see Nature 
458, 563; 2009). 

The memo also stresses the link between 
research and practical results by directing 
agencies to “empower their scientists to have 
ongoing contact with people who know what's 
involved in making and using things’, includ- 
ing “cost and competitive factors”. The hint 
of contempt for the ivory tower in the phras- 
ing is surprising, but the idea makes sense for 
some programmes, especially those that are 
supposed to yield new energy technologies — 
another of the memos “practical challenges”. 
But here, too, the trick will be to get the bal- 
ance right: an over-emphasis on working with 
industry or entrepreneurs may limit the scope 
of research, play into the hands of incumbent 
market players or create problematic conflicts 
of interest, especially in the biomedical arena. 

The need for balance, however, is not a 
reason to stick to the status quo. And given 
the inertia in the funding system, the research 
enterprise is unlikely to lurch into perilous ter- 
ritory overnight. The administration seems to 
be sidling into challenging science agencies to 
think more rigorously about contributing to 
explicit national goals. But figuring out how to 
do that, especially if funding is tight, will be a 
years-long experiment. a 
David Goldston (partyofonecolumn@gmail. 
com) is the director of government affairs at 
the Natural Resources Defense Council in 
Washington DC. Views expressed are his own. 
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Papers suggesting that biotech crops might harm the environment attract a hail 
of abuse from other scientists. Emily Waltz asks if the critics fight fair. 


mma Rosi-Marshall’s trouble started on 9 October 

2007, the day her paper was published in Proceedings 

of the National Academy of Sciences (PNAS). Rosi- 

Marshall, a stream ecologist at Loyola University 
Chicago in Illinois, had spent much of the previous two 
years studying 12 streams in northern Indiana, where rows 
of maize (corn), most of it genetically engineered to express 
insecticidal toxins from the bacterium Bacillus thuringiensis 
(Bt), stretch to the horizon in every direction. 

Working with colleagues including her former adviser 
Jennifer Tank at the University of Notre Dame, Indiana, 
Rosi-Marshall had found that the streams also contain 
Bt maize, in the form of leaves, stalks, cobs and pollen. In 
laboratory studies, the researchers saw that caddis-fly larvae 
— herbivorous stream insects in the order trichoptera — 
fed only on Bt maize debris grew half as fast as hose that ate 
debris from conventional maize. And caddis flies fed high 
concentrations of Bt maize pollen died at more than twice 
the rate of caddis flies fed non-Bt pollen. The transgenic 
maize “may have negative effects on the biota of streams 
in agricultural areas” the group wrote in its paper, stating 
in the abstract that “widespread planting of Bt crops has 
unexpected ecosystem-scale consequences”. 

The backlash started almost immediately. Within two 
weeks, researchers with vehement objections to the experi- 
mental design and conclusions had written to the authors, 
PNAS and the US National Science Foundation (NSF), 
Rosi-Marshall’s funder. By the end of the month, com- 
plaints about the paper had rippled through the research 
community. By the time Rosi-Marshall attended a National 
Academy of Sciences (NAS) meeting on genetically modi- 
fied organisms (GMOs) and wildlife on 5 November 2007, 


“The response 
we got — it 
went through 


the jugular.” 
— Emma 
Rosi-Marshall 


“She looked hammered”, says Brian Federici, an insect 
pathologist at the University of California, Riverside, one of 
those who commented on her work. “T felt really sorry for 
her. I don’t think she realized what she was getting into.” 

No one gets into research on genetically modified (GM) 
crops looking for a quiet life. Those who develop such crops 
face the wrath of anti-biotech activists who vandalize field 
trials and send hate mail. But those who, like Rosi-Marshall 
and her colleagues, suggest that biotech crops might have 
harmful environmental effects are learning to expect attacks 
ofa different kind. These strikes are launched from within 
the scientific community and can sometimes be emotional 
and personal; heated rhetoric that dismisses papers and can 
even, as in Rosi-Marshall’s case, accuse scientists of miscon- 
duct. “The response we got — it went through your jugular,’ 
says Rosi-Marshall. 


Problem papers 

Behind the attacks are scientists who are determined to 
prevent papers they deem to have scientific flaws from 
influencing policy-makers. When a paper comes out in 
which they see problems, they react quickly, criticize the 
work in public forums, write rebuttal letters, and send them 
to policy-makers, funding agencies and journal editors. 
When it comes to topical science that can have an impact 
on public opinion, “bad science deserves more criticism 
that your typical peer-reviewed paper’, Federici says. 

But some scientists say that this activity may be going 
beyond what is acceptable in scientific discussions, tram- 
pling important research questions and stifling debate. “It 
makes public discussion very difficult’ says David Schubert, 
a cell biologist at the Salk Institute in La Jolla, California, 
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who found himself at the sharp end of an attack after 

publishing a commentary on GM food? (see ‘Seeds of dis- 

content’). “People who look into safety issues and pollination 
and contamination issues get seriously harassed.” 

To see the effect that biotech crop research can have on 
policy — and why some researchers feel that they need to 
weigh in against such studies as quickly and forcefully as 
possible — it is instructive to look back to a study’ published 
in Nature in 1999. In it, John Losey, an entomologist at 
Cornell University in Ithaca, New York, and his colleagues 
reported that nearly half of the monarch butterfly caterpil- 
lars eating leaves dusted with Bt maize pollen died after 
four days, compared with none exposed to untransformed 
pollen. The media and the anti-GMO community erupted. 
“Gene Spliced Corn Imperils Butterflies” headlined the 20 
May 1999 San Francisco Chronicle. Greenpeace activists 
demonstrated in front of the US Capitol dressed as monarch 
butterflies, collapsing from ‘killer’ GM maize. 

In response, the US Environmental Protection Agency 
(EPA) told seed companies to submit data about the toxicity 
of Bt maize pollen in monarch butterflies or lose the right to 
sell the maize. Scientists dived into the research, using indus- 
try and government funding. The effort produced six PNAS 
papers in 2001 tat concluded that the most common types of 
Bt maize pollen are not toxic to monarch larvae in concentra- 
tions the insects would encounter in the fields*. (Losey had 
used higher concentrations in his lab studies.) “The Losey 
paper resulted in a lot of good work and brought to a dose 
that particular question,’ says Alison Power, who studies ecol- 
ogy and evolutionary biology at Cornell University. Yet some 
scientists were dismayed that asingle paper with preliminary 
data gave so much ammunition to anti-GMO activists and 
caused an expensive diversion of resources to calm the scare. 
They did not want it to happen again. 

The caddis-fly study was Tank and Rosi-Marshall’s debut 
in GM research. The idea stemmed from a 
2002 talk that Tank gave at Michigan State 
University in East Lansing about nitro- 
gen dynamics in streams. A researcher 
in the audience asked whether organic 
debris from fields of transgenic maize & 
drains into streams, and whether ithas any 3 
effect on stream life. “We've never thought 
about that,” Tank told the questioner. And 
once the paper was complete, Tank, Rosi- 
Marshall and their collaborators had little 
idea of the storm it was about to kick up. “I 
thought the response would be ‘So what? 
We're going to lose a few trichopterans,” says 
co-author Todd Royer, an assistant professor 
at Indiana University in Bloomington. 

On a Friday after the paper was pub- 
lished, Federici and plant biotechnologist 
Alan McHughen, also at the University of 
California, Riverside, met at a campus bar 
for a beer after work. “[McHughen] was 
really annoyed,” says Federici. “I don’t think 
there’s been another case where I’ve seen him 
so really ticked off” Federici says he too was 
annoyed — Rosi-Marshall’s study was “bad 
science’, he says, and they feared that activists 
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would use it to forward an anti-GMO agenda. McHughen 
and Federici wanted to neutralize any effects that Rosi- 
Marshall’s paper might have on policy. 

The two discussed the key points of a rebuttal letter. 
McHughen wrote the critique and “circulated it around 
to people who might be sympathetic’, says Federici. The 
letter listed six grievances with the “sloppy experimental 
design’, and said the publication of the paper had “seri- 
ously jeopardized the credibility of PNAS”.“ Howmany 
busy scientists and how much scarce money will we need 
to divert to calm this new scare?” the researchers wrote. 
McHughen got ten other scientists’ signatures, including 
Federici’s. On 22 October, they sent the letter to the jour- 
nal and to the NSF. Days later, Klaus Ammann, a retired 
botanist and professor emeritus at the University of Bern in 
Switzerland who had signed the McHughen letter, posted 
it on an online discussion forum’. 


Critical mass 

Wayne Parrott, a crop geneticist at the University of Geor- 
gia in Athens, also began working on a rebuttal to Rosi- 
Marshall’s paper as soon as he saw it. He said recently that 
in his opinion: “The work is so bad that an undergrad 
would have done a better job. I’m convinced the authors 
knew it had flaws.” He e-mailed the authors, the NSF and 
PNAS two bulleted lists of flaws that he said invalidated 
the paper. He wrote: “It is risky to extrapolate from lab 
results to field results, particularly when key factors were 
not monitored, measured or controlled appropriately.” In 
January 2008, PNAS published a slimmed-down version of 
this letter® and the one from McHughen’. 

Tank and Rosi-Marshall were dismayed by Parrott’s 
e-mail. A few days after receiving it, Tank called James 
Raich, her contact at the NSF, to talk it over. “I told her to 
ignore it,” says Raich, an ecosystem ecolo- 
gist at lowa State University in Ames who 
worked for the NSF for two years review- 
ing grant proposals. He told her that letters 
like these were unusual. But the critiques 

kept on coming. On 30 N ovember, 
Monsanto, a maker of Bt maize based in 
St Louis, Missouri, sent the EPA a six-page 
critical response’ to the paper, and posted 
it online. Eric Sachs, director of global 
scientific affairs at Monsanto, says that 
a oe regulators ask seed companies to notify 
Syieeecese 8 | them of papers that relate to crop safety, 
ae acai he so Monsanto often includes with its noti- 
fication evaluations of these papers. 

Four other signatories of the 
McHughen letter went on to publish 
scathing opinion articles over the next 

few months. In a March 2008 article” 
criticizing four papers on biotech crops, 
Ammann joined forces with Henry 
Miller, a research fellow at the Hoover 
Institution in Stanford, California, to 
ask “Is biotechnology a victim of anti- 
science bias in scientific journals?”. 
They called Rosi-Marshall’s conclu- 
sions “dubious’, and said their use of 
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evidence “arguably amounts to investigator misconduct”. 
And in a July 2008 commentary in Current Science’”, Shan- 
thu Shantharam, a visiting research scholar at Princeton 
University in New Jersey said Rosi-Marshall’s “offending” 
paper “carried a wrong message to farmers and environ- 
mentalists”, and that anti-biotech crop activists would use 
the paper to “hamper the progress of science”. 

Rosi-Marshall took the hits hard. “I experienced it in 
person and in writing,” she says. “These are not the kind of 
tactics we're used to in science.” She was a £w years out from 
her PhD, she did nat have tenure at Loyola and her first paper 
in a prominent journal was getting trashed, along with her 
reputation. “She's young and was getting picked on,’ says 
Michelle Marvier, a biologist at Santa Clara University in 
California who attended the NAS November 2007 meeting. 

It was at least some comfort to Rosi-Marshall and Tank 
that e-mails and phone calls of encouragement came pour- 
ing in from other scientists. Some of their supporters had 
observed similar attacks on other biotech crop papers. “The 
most reassuring thing we learned was that it had happened 
before and by the exact same people; says Tank. 

What was it about Rosi-Marshall’s paper that prompted 
such a strong reaction? The wording of the abstract — 
“widespread planting of Bt crops has unexpected ecosystem- 
scale consequences” — was a paticular point of contention. 
Her critics say that the data do not support such a defini- 
tive conclusion. “They absolutely went too far,’ says Randy 
Schekman, editor-in-chief of PNAS. Of the half-a-dozen 
letters received by the journal, most of them protested at 
this wording, he says. “Why this would have escaped the 
attention of the referees beats me” 

The authors agree that the wording was unfortunate and 
in retrospect say that the sentence should have articulated 
the potential for ecosystem-scale consequences within 
streams, rather than suggesting that such consequences 
were observed. “This was an oversight,” says Rosi-Marshall. 
“But we did not expect that this sentence would, in light of 
all of the other statements in our paper, elicit the response it 


Jennifer Tank (left) 
and Emma Rosi- 
Marshall study stream 
ecology. 


did. We thought the paper would be taken as a whole” 

The study’s methods also came under fire. It is undear, 
for example, whether it was the Bt toxin itself affecting the 
caddis flies, or some other difference between Bt and non- 
Bt plants. To test this possibility, critics say the caddis flies 
should have been fed isogenic lines: strains of maize that 
are genetically identical except for Bt genes. The authors 
say they chose not to use such lines because their nutri- 
tional quality would have differed — Bt maize has higher 
concentrations of lignin than non-Bt maize, and so is less 
nutritious. So the authors matched the Bt samples with 
non-Bt samples that had similar levels of lignin and other 
nutrients. “To do otherwise would have resulted in a con- 
founded experiment. Pairing the treatment on the basis of 
isolines might be standard for agronomic studies, but was 
inappropriate for an ecological feeding study,’ the authors 
told Nature in an e-mail. Rosi-Marshall and her colleagues 
made this point and other responses to their critics in a 
correspondence" published online in PNAS the week after 
McHughen’s and Parrott’s critiques. 

It is also unclear how much Bt toxin the caddis flies ate. 
The authors let the insects eat as much as they wanted, 
as they would in the wild. Critics argue that the authors 
should have fed the insects known amounts of the toxin 
in a method called a dose-response study that is routine 
in toxicity assessments. “The Rosi-Marshall et al. paper 
would have benefited from additional toxicological data, 
says Doug Gurian-Sherman, a senior scientist at the Union 
of Concerned Scientists in Cambridge, Massachusetts, and 
a former reviewer for the EPA. But the method the authors 
used “is a widely accepted method, and is generally ade- 
quate for a preliminary study of possible toxicity’, he says. 


Omitted study 

The paper was also accused of omitting contrary findings. 
In June 2007, four months before Rosi-Marshall’s PNAS 
paper was published, Jillian Pokelsek, a master’s student 
at Loyola University Chicago working with Rosi-Marshall, 
presented results from a preliminary field experiment at 
the annual meeting of the North American Benthological 
Society in Columbia, South Carolina. The work showed 
that Bt maize pollen did not influence the growth or mor- 
tality of filter-feeding caddis flies. The society posted an 
abstract” of the presentation on its website attributing the 
work to Pokelsek, Rosi-Marshall, Tank, Royer and four 
other scientists who also authored the PNAS paper. It 
was not mentioning this study that prompted Miller and 
Ammann’s accusation of misconduct’. 

The authors defend the omission on the grounds that 
the data in the meeting presentation were not published or 
peer-reviewed, and were less teliable than those in the PNAS 
paper. “Field experiments are inherently difficult to control 
and have lower statistical power to detect significant differ- 
ences compared with controlled laboratory experiments, 
thus we included the more controlled and statistically rigor- 
ous lab experiments in our paper,’ Tank and Rosi-Marshall 
told Nature. Also, the caddis flies in the student presentation 
belonged to a different family, with different feeding mecha- 
nisms to those in the PNAS study. Miller’s response: “I don't 
want to split hairs, he says. “If you don't do appropriate 
controls or if you draw conclusions that are erroneous, I 
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Seeds of discontent 


Several scientists say they have 
been sharply attacked by others 
in the research community when 
they have published papers that 
reflect negatively on biotech crops. 
In October 2002, for example, 
David Schubert at the Salk Institute 
in La Jolla, California, suggested 
ina Commentary in Nature 
Biotechnology that not enough 
attention was being paid to the 
potential unintended molecular 
effects of inserting genes into 
plant cells’. Almost immediately, 
he received a barrage of mail from 
around the world, he says: “I've 
never received such an obscene 
response for offering an opinion.” 
Schubert says people complained 
directly to the Salk Institute, and an 
administrator called him into his 
office to say he was jeopardizing 
funding for his institution. “I've 
written hundreds of articles — 
some of them controversial — and 
never had this kind of response,” he 
says, adding that he has given up 
trying to have a public discussion 
about the technology. 

One letter” critical of Schubert 


published in Nature Biotechnology 
and signed by 18 people, 
admonished: “Good scientists go 
astray when they leave their area 
of expertise to offer an opinion 
when they have not studied the 
literature.” Henry Miller at the 
Hoover Institution in Stanford, 
California, also a critic of Rosi- 
Marshall's paper’, told Nature that 
“[Schubert] is an accomplished 
immunologist who has no grasp on 
agricultural biotech whatsoever.” 
Not true, says Schubert. “The 
basic technology used to make 
transgenic plants was invented 
using bacterial and animal cells, 
and my lab uses this technology on 
a daily basis,” he says. 

In some cases the attacks start 
before a paper is out. In September 
2007, Bruce Tabashnik, an 
entomologist at the University of 
Arizona in Tucson, was preparing 
a paper showing evidence of 
insect resistance to Bt cotton. 

He got an e-mail from William 
Moar, an entomologist at Auburn 
University, Alabama, warning him 
that the paper's consequences 


would be “devastating”. “Your 
statement... would be all of 

the ammunition many special 
interest groups would need... Just 
for amoment think ‘monarch 
butterfly and Bt corn’ and the 
repercussions that surrounded 
that fiasco,” he wrote. Tabashnik’s 
paper was published in Nature 
Biotechnology'®. Moar, who now 
works for Monsanto, a maker of 
Bt maize (corn), based in St Louis, 
Missouri, criticized the paper at 
conferences and challenged it in 
Correspondence” to the journal 
saying that the comparisons and 
conclusions that Tabashnik made 
were scientifically unsound and 
based on lab measures, whereas 
proof of insect resistance must 
ultimately come from field studies. 
Tabashnik says: “The rigorous 
analysis in our paper was based on 
systematic, objective analysis of 
all of the relevant data.” 

One author on Moar's letter was 
Anthony Shelton, an entomologist 
at Cornell University in Geneva, 
New York. He was in action again 
this year, challenging a review 


article by Gabor Lévei, an 
ecologist at Aarhus University in 
Denmark, and two co-authors. 
Lévei's article reviewed laboratory 
experiments that examined 
whether crops engineered to kill 
pests affected the predators and 
parasites that normally feed on 
those pests. They found more 
effects, some negative, some 
positive, than other reviews 

had reported. Lévei and his 
colleagues argued that their 
method provided a more accurate 
summary of the literature 
because it directly examined the 
data within published papers, 
rather than relying on authors’ 
conclusions. 

Environmental Entomology 
accepted Lévei’s paper" but, in 
January, three months before it 
was published, Shelton and three 
colleagues were given a proof by 
a colleague of one of the authors. 
Shelton prepared a rebuttal” that 
was published days after Lovei’s 
paper. The six-page critique 
called the study “negatively 
biased”, “erroneous” and 


think that’s misconduct.” But Ammann says he has a “bad 
feeling” about the accusation. “Maybe we should have been 
more careful with the wording” 

Scientists who were not involved in the debate over Rosi- 
Marshall’s paper say the results were preliminary and left 
some questions unanswered, but that overall the data are 
valuable. “The science is fine as far as 'm concerned,” says 
Arthur Benke, an aquatic ecologist at the University of Ala- 
bama in ‘Tuscaloosa, who called the strong language in some 
of the criticisms “inappropriate”. 

What drives the critics? Financial or professional ties to 
the biotech industry don’t seem to be the impetus. Such 
ties do exist — lile many people researching biotech crops, 
some have received research grants from industry or have 
other interactions with it — but in interviews they say 
that these are not the major driving force. Rather, many 
of them feel strongly that transgenic crops are safe and 
beneficial to the environment and society, 
and that the image and regulation of these 
crops has been too harsh. Many of the crit- 
ics have been studying biotech crops since 
they were developed commercially in the 
late 1980s, and some were involved with 
the first regulatory approvals. They have 
specific ideas about how the risks of these 
crops should be scientifically assessed. And 
they worry that papers that fall short of 
high standards will give anti-GMO activists 
ammunition to influence policy, just as the 
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Protesters can 
brandish science 
suggesting that 
genetically modified 
crops are harmful. 


monarch-butterfly study did. “When bad science is used 
to justify bad public policies, we all lose,’ says McHughen, 
who says he is on a ‘campaign to make academic scientists 
a little less politically naive and a bit more careful in their 
scientific work”. Miller adds that “agricultural biotech has 
been so horrendously, unscientifically regulated and so 
over-regulated and so inhibited over the past 30 years that 
to have these pseudo-controversies stirred up unnecessar- 
ily does a disservice to everyone and everything”. 

Ammann points to the example of golden rice, a variety 
engineered in the late 1990s to contain more vitamin A. 
Regulations have delayed the rice’s development, he says, 
although more than 250,000 children a year go blind from 
vitamin-A deficiency. “We have to get emotional,” says 
Ammann. “T can’t agree with the cool scientists’ perspective 
— only dealing with the facts. We live in the real world” In 
2006, Ammann formed a rebuttal team called ASK-FORCE 
to challenge reports about biosafety of GM 
crops. On one online site, Ammann criticizes 
20 reports — none of them positive toward 
biotech crops — that he considers biased or 
bad science. In July, he was revising a critique 
of a paper that appeared in The Lancet ten 
years ago. “I’m working nearly day and night 
on these things,’ says Ammann. 

The emotional and sometimes harsh 
quality of some of the attacks strikes some 
scientists as strange and unlike the construc- 
tive criticism to which they are accustomed. 
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Gabor Lévei reviewed lab 
experiments on the impact of 
biotech crops on predators of crop 
pests. Pictured, an assassin bug. 


Benke points out that none of the criticisms on the caddis- 
fly paper, for example, called for further study on the insects. 
“What papers like this do is alert us to possible reasons to 
look into this more carefully,’ he says. “No one mentioned 
this.” To try to dismiss the research out of hand ignores how 
science is supposed to work, adds Power — you make a 
hypothesis, test it, refine it, test it and refine it again. “You 
keep doing that until you have an answer that is as dose as 
youre going to get,” she says. “I don’t understand the resist- 
ance to that notion” 


“inappropriate”. For example, it 
says the authors didn’t distinguish 
whether predators and parasites of 
insects that feed on biotech crops 
were affected by the toxins in the 
plants or by the health of their prey. 
Lévei and his co-authors say they 
hope to defend their paper in the 
October issue of Environmental 
Entomology, and will agree that the 
distinction would have been useful, 
but that it would not have changed 
their conclusions. 

Shelton says that he and his 
group wanted to counteract any 
effect Lovei’s work might have 
on policy, particularly as that 
month the European Food Safety 
Authority was writing up a risk 
assessment on unintended effects 
of genetically modified plants. “| 
could envision a regulator having 
this Lovei article appear on his desk 
and saying ‘We've got to rethink 
approval methods’,” says Shelton. 

Shelton’'s critique was a “way 
over-reaction”, says an editor at the 
Entomological Society of America, 
which publishes Environmental 
Entomology, who asked to remain 
anonymous. “They seem to have 
read it with eyes predisposed to 
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dismiss anything reflecting poorly 
on GMOs [genetically modified 
organisms].” Shelton disagrees. “| 
have been critical of some aspects 
of genetically engineered plants 
and microbes in the past when 
| thought they were warranted, 
based on scientific data,” he 
says. “| am also an editor in the 
Entomological Society of America 
and felt that our reaction was not a 
‘way over-reaction’.” He adds that 
as an editor he routinely rejects 
papers that could be considered 
supportive of GMOs because of 
their quality. “Poor science can 
occur on both sides of issues.” 
When asked to point to a good 
paper that reflects negatively 
on biotech crops, most critics 
Nature spoke to said they couldn't 
name any. “| have seen very little 
substantive data that are negative 
towards Bt crops that can't be 
easily overturned,” says Moar. 
Wayne Parrott at the University of 
Georgia in Athens, however, says: 
“There is plenty of biotech-safety 
research out there that has not 
come under attack, even when the 
answers are not what everyone 


would have liked.” EW. 


and data interpretation as denigration,” Parrott says. “For 
science to maintain its integrity and move forward, it is 
critical to assert the right of scientists to question each 
other’s work” McHughen says that he doesn’t condone 
ad hominem attacks. “They are invariably unproductive,” 
he says, and points out these tactics are often used against 
scientists who don’t oppose GM crops. 

Federici says he finds it inappropriate to call the reactions 
‘knee-jerk’ ones. “Losey and colleagues, and Rosi-Marshall 


P. SHIRK 


and colleagues at the time of their studies were newcom- 
ers to the field. Most of the people who found their studies 
flawed and protested had extensive experience with Bacillus 
thuringiensis.’ He also points out that the critics varied in 
how strongly they responded to the Rosi-Marshall paper, 
saying “I don't consider writing a letter to the editor a harsh 
response.’ 

Ignacio Chapela, a microbial ecologist at the University 
of California, Berkeley, says that the attacks may be deter- 
ring young scientists from pursuing careers in biotech crop 
research. “I have a very long experience now with young 
people coming to me to say that they are not going into 
this field precisely because they are discouraged by what 
they see,’ he says. Chapela faced criticism from pro-GMO 
scientists after publishing a 2001 paper in Nature, in which 
he reported that native maize varieties in Mexico had been 
contaminated with transgenic genes'’. Following the criti- 
cism, Nature decided that “the evidence available is not 
sufficient to justify the publication of the original paper”. 

At its worst, the behaviour could make for a downward 


Arbiters of the truth 

Some scientists say they are galled by the certainty with 
which some of the critics state their opinion. “Part of what 
exasperates me is that they have declared themselves to be 
the experts in this field, and forcefully present themselves 
as the ultimate arbiters of truth,” says an editor for the 
Entomological Society of America who asked to remain 
anonymous. “I personally am in favour of GMOs in 
general, and think that they are very beneficial for the 
environment. But I do have problems with the tactics of 
the large block of scientists who denigrate research by 
other legitimate scientists in a knee-jerk, partisan, emo- 
tional way that is not helpful in advancing knowledge and 
is outside the ideals of scientific inquiry.” 

The critics respond that they are simply pointing out 
flaws in research, and that this is an important part of the 
scientific process. “It is neither fair nor accurate to equate 
pointing out serious deficiencies with experimental design 


“When bad 
science is used 
to justify bad 


policies, we all 
lose.” 


— Alan 
McHughen 
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spiral of GM research as a whole, says Don Huber, a emeri- 
tus professor of plant pathology at Purdue University in 
West Lafayette, Indiana. “When scientists become afraid to 
even ask the questions ... that’s a serious impediment to our 
progress,’ he says. Miller says: “I don’t see how criticism of 
flawed science that verges on misconduct should discour- 
age anybody.’ Researchers could be invigorated by entering 
a field with such lively debate. “For some people it might 
be exciting because you're doing science that is relevant to 
society,’ says Power. 


Pervasive spread 

Rosi-Marshall’s caddis-fly paper did find its way into 
the anti-GMO rhetoric, although on nowhere near the 
scale that the monarch butterfly paper did. For exam- 
ple, the London-based Institute of Science in Society, a 
not-for-profit organization involved in the GM debate, 
on 30 October 2007 posted its summary of the paper, 
saying that: “calling a halt to planting Bt corn next to 
streams ... would be in keeping with the evidence [the 
authors] have provided”. Greenpeace included the paper 
in an April 2008 briefing on Bt maize, citing it as evidence 
of environmental risk. 

The impact went further than that. On 9 January 2008, 
three months after Rosi-Marshall’s paper was published, 
France's watchdog on GM foods ruled that one of Mon- 
santo’s types of Bt maize, known as MON810, may have 
an impact on wildlife. The evidence it cited included Rosi- 
Marshall's paper. Two days later, the French government 
announced a ban on cultivating the maize. “[The paper] got 
to every agency and non-governmental organization that 
doesn't like the technology and gave them a flag to wave,” 
says Parrott. Not that he considers the effort wasted: “I have 
no doubt the impact on policy-makers would have been 
much worse had it not been countered.” 

Nearly two years since the paper was published, the 
critics’ comments are still pointed. “It was just an idiotic 
experiment,’ Miller said this July. But Rosi-Marshall and her 
co-authors stand behind their paper. “We believe our study 
was scientifically sound,” they wrote in an e-mail, “although 
many questions on the topic remain to be answered. The 
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repeated, and apparently orchestrated, ad hominem and 
unfounded attacks by a group of genetic engineering pro- 
ponents has done little to advance our understanding of the 
potential ecological impacts of transgenic corn.” 

And Rosi-Marshall’s career seems to have survived the 
furore. In May 2009 she ecured tenure at Loyola University 
Chicago, and in August she moved to the Cary Institute of 
Ecosystem Studies in Millbrook, New York. There she will 
study human-dominated ecosystems and will continue to 
investigate the influence of maize varieties on stream eco- 
systems. Since the caddis-fly paper, she has co-authored 
another study on transgenic crops showing that Bt maize 
debris decomposes in streams at a faster rate than conven- 
tional maize’. She says more data produced with the NSF 
grant are on the way and that the attacks won't deter her 
from her studies. 

“Tt toughened me up a lot,’ she says. “I'm not going to be 
intimidated” 

Emily Waltz is a freelance writer based in New York City. 
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TUNDRA'S 
BURNING 


Lightning and fires on the Arctic tundra seem to 
be on the rise. Jane Qiu meets the researchers 
learning from the scorched earth in Alaska. 


ore than 20,000 lightning strikes 

were recorded on the North Slope 

of Alaska in 2007. Sme struck the 

vast stretches of lakes; some hit the 
treeless tundra. And one of them torched into 
life the largest and longest-lasting tundra fire 
recorded in the state's history. The Haze, which 
started near the Anaktuvuk River on 16 July, 
burned 7,000 hectares a day at its peak, and 
eventually consumed 100,000 hectares, an area 
larger than that of New York City. It finally 
stopped burning in early October, smothered 
by thick snow. 

Two years later, the scars left by the blaze are 
all too apparent from a helicopter circling over 
the region. So too is the area’s quick recovery. 
Tussock grass, the predominant vegetation in 
northern Alaska, sends up vibrant green shoots 
from scorched meristems. Its white flowers 
bloom over the deeply blackened soil like a 
dust of snow, stretching to a hazy harizon. It is 
surprisingly beautiful. 

This is more than a view of nature’s swift 
destruction and renewal; it is also a site of 
intense research. “The Anaktuvuk River fire is a 
large natural experiment,” says Gaius Shaver, an 
ecologist at the Marine Biological Laboratory 
in Woods Hole, Massachusetts, who leads an 
effort funded by the US National Science Foun- 
dation to study the fire’s environmental impact. 
“Tt provides an unprecedented opportunity 
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to study how the entire ecosystem responds 
to major disturbances.” Scientists from ten 
research groups have been flying into the 
burned area from the nearby Toolik research 
station to assess how the fire has shifted the 
carbon balance and affected the hill slopes, 
valleys, streams and lakes in the region. 

Understanding the effect of fires on the 
Arctic tundra may become more important as 
the climate gets warmer. Tundra fires used to 
be rare events, but higher temperatures and a 
more arid climate seem to be changing that. 
According to the US Bureau of Land Manage- 
ment in Washington DC, the frequency of 
lightning on the North Slope has increased ten- 
fold in the past decade And many researchers 
fear that the increased lightning may increase 
the fire risk. Of the 26 recorded fires on the 
North Slope since 1950, dose to one-third has 
taken place in the past three years — and the 
region burned in the Anaktuvuk River fire 
alone constitutes more than half of the total 
burned area. 

Just as climate change may fuel fires, fires 
may accelerate dimate change. These vast areas 
of tundra store about 14% of the world’s soil 
carbon at the surface alone. Fires could release 
a large amount of that, either directly through 
combustion or indirectly by modifying the tun- 
dra ecosystem. Many of the studies in Alaska 
are designed to look at how this could play out. 
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“Tundra fires could significantly impact the 
carbon balance of the Arctic and exacerbate 
global warming,’ Shaver says. 


The first pulse 

One of the first researchers to arrive in the area 
after the fire was Cody Johnson, an aquatic 
ecologist at Utah State University in Logan, 
along with a small team. The razed landscape 
had been buried under snow all winter. And 
it still wasn’t exactly camping season when, 
in May 2008, they flew out to Dimple Lake in 
northern Alaska, at 69° latitude and 200 miles 
north of the Arctic circle. The crew landed in 
skis, dragged their heavy equipment to the lake 
shore, set up camp and waited in sub-zero tem- 
peratures for the first snow melt. 

After two weeks, Johnson could see the land 
for the first time. “The surface was covered 
in a thick layer of ash,’ he says. “There was a 
pungent smell of the burn in the air” Under- 
neath the ash they found a blackened land with 
islands of yellow tussock trunks sticking out. 
These many-layered skirts of grass are so thick 
and packed so tightly that the core never dried 
out, saving them from the fire. 

The main purpose of Johnson's camping trip 
was to study the movement of burned mate- 
rials, especially ash, nutrients and sediments, 
into streams and lakes, and its effect on the eco- 
system's carbon cycle. After the plants that hold 
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the soil together have burned, these nutrients 
and sediments can be readily flushed out. A 
boost in nutrient levels could stimulate the rate 
of primary production — the production of 
organic compounds from the fixing of carbon 
dioxide during photosynthesis. By contrast, 
additional sediments could partly offset this 
effect by smothering algae, the key player in 
carbon fixation. Working out the net outcome 
of these and other interconnecting processes 
on carbon is no mean feat. 

George Kling, a lake ecologist at the 
University of Michigan in Ann Arbor, says 
that the lakes in the Arctic, already supersatu- 
rated with carbon, are a net source of carbon 
dioxide and methane — they release more of 
these gases than they can store. He and oth- 
ers have shown that when carbon moves from 
land into lakes, some 20% of the Arctic car- 
bon sink is 1e-released’. “You can think of the 
aquatic system as a telease valve, which leaks 
carbon from land to water and then back to the 
atmosphere,” says Kling, who is collaborating 
with Johnson. “Major disturbances such as the 
Anaktuvuk River fire could turn that trickle 
into a large flood and cause much greater 
movement of carbon.” 

The researchers predicted that the biggest 
inflow of nutrients after the fire would be from 
the snow run-off. “We wanted to capture that 
first pulse,’ says Johnson. Every day they sam- 
pled what went into the streams and how much 
of those materials ended up in rivers and lakes. 
Their initial results, which have not yet been 
published, show that streams in the burned 
areas dumped up to five times more sediment 
into Dimple Lake than those in unburned ones, 
but carried only twice as much carbon. Puzzled 
by the discrepancy, Kling and his colleagues 
looked at the quality of the water that leached 
out from the soil and found that 
microbes performed decom- 
position seven times faster in 
water from the burned area than 
in unaffected sites. “It seems 
that carbon is released into the 
atmosphere through microbial 
decomposition before it reaches 
the streams,” says Kling. 

Johnson and his team weren't 
camping alone for long. In June 
2008, Michelle Mack, an ecolo- 
gist at the University of Florida 
in Gainesville, flew to the burned 
area with a handful of colleagues 
to reconstruct how much carbon 
and nitrogen were there before 
the fire, and to calculate how 
much carbon was released into 
the atmosphere during and after 
it. By using tussock meristems as 


measuring sticks, they estimated the depth 
of the soil before the fire. They also gauged 
the carbon concentration in the soil from 
unburned sites at the same climate and eleva- 
tion as the burned area. 

The blaze generated a big car- 
bon cloud. Mack found that 
the fire emitted 1.8 million 
tonnes of carbon dioxide 
into the atmosphere, 
equivalent to about 
0.03% of the annual 
global carbon emission 
due to human activity. 
“That amount was cer- 
tainly large enough to 
change the carbon bal- 
ance of the entire North 
Slope for 2007? Shaver says. 


Burning up 

The burned area continues to pump carbon into 
the atmosphere, says Adrian Rocha, an ecologist 
working in Shaver’s group. To measure the net 
carbon flux, Rocha and his colleagues set up a 
meteorological tower in a severely burned area, 
a moderately burned one and an unburned con- 
trol site. They found that, within a radius of one 
kilometre around the tower, the severely burned 
site released 80 grams of carbon per square 
metre during the summer months, whereas 
the unburned tundra was absorbing 50 grams 
of carbon per square metre. They suspect that, 
in the burned area, the rate of carbon fixation by 
photosynthesis dropped because so many plants 
were destroyed, and that was outweighed by 
the rate of carbon being released by microbial 
decomposition in warmer soil. Now Rocha is 
extrapolating the results to a larger area. He is 
using a satellite instrument called the Moderate 


A fire started by lightning blackened vast tundra regions near the Anaktuvuk River. 
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Resolution Imaging S pectroradiometer 
(MODIS) to measure how green the land sur- 
face is, and is building a model to correlate the 
greenness to the type of tundra vegetation’. 
Once he has a good model, he will be 
able to estimate the carbon flux of 
the entire burned area for dif- 
ferent periods after the fire. 
Mack found that 60% of 
the initial carbon emis- 
sion was from the burn- 
ing of organic plant and 
animal material in the 
soil — which is usually 
pretty wet on the tun- 
dra and doesn’t make an 
efficient fire fuel. The rest 
came from mosses, lichens 
and other plant materials on 
the tundra surface. The organic 
matter in soil insulates the permafrost 
— the permanently frozen ground — under- 
neath, and any reduction in the soil depth 
could mean that the underlying permafrost 
warms and thaws, with big repercussions for 
the ecosystem. At the end of June 2009, the per- 
mafrost had thawed to a depth of 40 centime- 
tres in severely burned areas, compared with 
18 centimetres in unburned sites. Permafrost 
thaw can be exacerbated by the fire-blackened 
surface, something else that Rocha and his col- 
leagues are measuring. 

Researchers have been trying to understand 
the impact of permafrost thaw on carbon 
exchange for some time. A study by Edward 
Schuur, an ecologist at the University of Flor- 
ida, and his colleagues, showed that there was 
net carbon loss from a tundra landscape that 
had undergone permafrost thaw for more than 
several decades’. The world’s permafrost con- 
tains twice as much carbon as & 
its atmosphere; it would be bad 2 
news if even a fraction of that & 
were released*. 

The accelerated melting of 
permafrost caused by the Ana- 
ktuvuk River fire has carved 
more visible changes out of the 
landscape. The newly softened 

soil can collapse or slide away, 
creating a landscape that is 
pock-marked with hollows 
known as thermokarsts. John- 
son noticed thermokarsts 
forming in autumn 2008, and 
they had grown much bigger 
when he went back this sum- 
mer. He watched one, on the 
shore of Horn Lake, double 
in width to 200 mettes in two 
days. In one valley, which has 
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Studies are exploring the 100,000 hectares burned in the Anaktuvuk River fire (brown rectangle, left); cotton-grass flowers were one of the first signs of recovery. 


now been dubbed the valley of thermokarsts, 
there are about a dozen on each slope. “It’s a 
muddy holocaust,’ says Kling. 

Many fear that major disturbances to 
the Arctic, such as fires and the resulting 
thermokarsts, could change the vegetation on 
the tundra, so they are monitoring it closely 
as it rebounds. Tussocks are amazingly resil- 
ient and even the most severely burned ones 
sprouted as soon as the spring kicked in last 
year. Sphagnum moss and fruticose lichens, 
the ‘down jacket’ of the tundra that insulates 
the soil from incoming heat, have shown no 
sign of recovery. In their place are patches 
of copper-wire moss, with its red stems and 
golden, hanging capsules, and liverwort, hold- 
ing up its peculiar umbrella-shaped reproduc- 
tive organs. 


Spread of the shrubbery 

The researchers worry that exposed 
mineral soil and more nutrient availabil- 
ity after fires will favour the expansion of 
species such as shrubs. This, too, could 
alter the net carbon exchange: studies of 
experimental plots show that more nutri- 
ents are associated with more shrubs and a 
net loss of soil carbon. But there are issues 
beyond that. Shrubs are drier and wood- 
ier so burn better than most other tundra 
vegetation — more shrubs growing after 
this fire could therefore push up the risk 
of future ones. “Shrub expansion could be 
a positive feedback to climate change and 
fire frequency and severity,’ says Charles 
Racine, an ecologist who has been study- 
ing fires in Alaska since 1977, and who has 
retired from the Cold Regions Research and 
Engineering Laboratory in Hanover, New 
Hampshire. 

In collaboration with Randi Jandt of the 
Alaska Fire Service at Fort Wainwright, 
Racine and his colleagues have documented 
the vegetation recovery after the 1977 tundra 
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fire on the Seward Peninsular in northwestern 
Alaska, which left less severe damage than the 
Anaktuvuk River fire even though a similarly 
large area was burned”. Thirty-two years after 
the fire, there is still no sight of the sphagnum 
moss or fruticose lichens, which before the fire 
covered 20% and 7% of the surface, respec- 
tively. By contrast, the area covered by willow, 
a deciduous shrub, rose from 5% in 1973 to 
25% in 2001 and to about 40% this year. Philip 
Higuera, a palaeoecologist at the University of 
Idaho in Moscow, Idaho, and his colleagues 
looked further back in history. By analysing 
the pollen and charcoal contents in sediments 
from lakes in northern-central Alaska that are 
15,000 years old, they found that an increase in 
fire frequency coincided with the vegetation 
transition from herbs to shrubs around 14,000 
years ago’. 

Whatever fuelled the blazes of the past, 


Soil softened by fire can collapse, creating 
thermokarsts that punctuate the landscape. 
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researchers are keen to find out what kept the 
Anaktuvuk River fire burning, and how others 
could be predicted in the future. The summer 
of 2007 saw the record high temperature and 
record low precipitation north of the Brooks 
mountain range, resulting in extremely dry 
soil’. Yet there were two other fires near the 
Anaktuvuk River that went out rapidly. 

Nancy French, an expert on remote sensing 
at the Michigan Tech Research Institute in Ann 
Arbor, and her collaborators, including Jandt 
and Racine, are hoping to get a grant from 
NASA to map past tundra fires across Alaska 
and Canada using satellite data. “There is an 
urgent need to have a comprehensive record of 
tundra fires, so we could be in a better position 
to predict tundra fire regimes in the future,” she 
says. The researchers plan to correlate tundra 
fires with weather conditions, and to construct 
computer models to calculate carbon emission 
during a fire, predict vegetation recovery and 
test how climate change could affect fires in 
the tundra. 

For the researchers at Anaktuvuk River, 
meanwhile, the tundra is changing almost daily. 
On the northeastern bank of Dimple Lake, a 
massive patch of soil has slumped into the water, 
muddying the turquoise with grey. Farther up 
the shore, the cotton grass ripples across the hill 
in a breeze. This is the scene after just one light- 
ning strike sparked a fire. And researchers can 
be confident that lightning will strike again. 
Jane Qiu, a recipient of the 2009 Marine 
Biological Laboratory Logan Science Journalism 
Fellowship, writes for Nature from Beijing. 
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CORRESPONDENCE 


Conservation: a small 
price for long-term 
economic well-being 


SIR — Public funds should not 
just be channelled into boosting 
immediate economic recovery — 
we must also be prepared to pay a 
higher ‘insurance bill’ to safeguard 
the ecological long-term basis 

of our economic and social well- 
being. Increased spending on 
conservation could help fund 

a worldwide core network of 
protected areas of biodiversity. 

At the beginning of this year, 
worldwide economic stimulus 
plans totalled US$2.8 trillion, 
with some 15.6% allocated to 
‘green’ purposes such as climate 
protection (http://tinyurl.com/ 
ddrj69). In April, the G20 group 
of nations announced plans to 
spend US$5 trillion by the end of 
2010, to stimulate the floundering 
global economy and “accelerate 
the transition to a green 
economy”. None of these 
funds is designated to the 
conservation of biological 
diversity — a fundamental 
resource for our economy and 
society. 

The multilateral Global 
Environmental Facility 
(an independent financial 
organization uniting 178 member 
governments, in partnership 
with international institutions, 
non-governmental organizations 
and the private sector) has spent 
US$7.6 billion on biodiversity 
conservation since 1991. In 
addition, we estimate that some 
$7.6 billion has been contributed 
to this purpose each year by 
national governments. 

We estimate that US$53 
billion is needed annually to 
maintain a global core network 
of protected areas (our update 
of figures from A. Balmford et al. 
Science 297, 950-953; 2002). 
This amount includes the income 
opportunities lost for the rural 
population of poor countries: 
mainly income that is, or could 
be, generated from tropical and 
subtropical agriculture. 

It has been known for some 


time that the public in wealthy 
countries would be prepared to 
contribute additional funding 
to promote biodiversity 
conservation in the tropics (see, 
for example, B. Horton et al. 
Environ. Conserv. 30, 139-146; 
2003). We believe that these 
contributions would today 
amount to US$42-140 per 
household per year. Extrapolating 
this to each of about 452 million 
households of the member 
countries of the Organisation 
for Economic Co-operation and 
Development, we believe that 
roughly US$43 billion could be 
generated annually. This sum 
would cover most of the global 
core network of sites earmarked 
for protection. 

A dramatic increase in 
conservation spending is 
no fast fix for the economy. 
But conserving biological 
diversity contributes crucially 
to maintaining the resilience 
and adaptive capacity of the 
biosphere. In addition, it directly 
provides a multitude of critical 
ecological services (see, for 
example, http://tinyurl.com/ 
oee799), 
Boris M. Hillmann, Jan Barkmann 
Georg-August-Universitat Gottingen, 
Department of Agricultural Economics 
and Rural Development, 
Platz der Géttinger Sieben 5, 
37073 Gottingen, Germany 
e-mail: bhillma@gwdg.de 


Conservation: the 
world's religions 
can help 


SIR — The world’s religions are 
emerging as a surprising driver of 
support for conservation of 
biological diversity. 

The International Interfaith 
Investment Group, for example, 
which is collectively worth more 
than US$7 trillion, is encouraging 
religious organizations to change 
their current investment policies 
in favour of those that support 
conservation (www.3ignet.org). 

In addition, lands owned by 
these organizations can 


contribute to the conservation of 
biodiversity because of their 
protected status. More than 

7% of Earth's land surface is 
owned by religious institutions, 
and a further 8% has sacred 

links (www.arcworld.org). 

Given that most countries 

will never be able to designate 
more than 15% of their land as 
protected areas (S. Chape et al. 
Phil. Trans. R. Soc. B360, 443-455; 
2005), territory with religious 
and sacred affiliations contributes 
substantially to maintaining 
biodiversity. 

It should also be possible to 
raise funding for conservation 
by appealing to donors who have 
religious faith. For example, 
the wealthy countries of the 
G20 group that have large 
religious populations might step 
in and help. 

The focus of initiatives in 
the past has been on paying for 
ecosystem services, which are 
considered ‘natural capital’ 

(R. Costanza et al. Nature 387, 
253-260; 1997), but an appeal to 
support native communities on 
religious grounds might prove 
more persuasive in a difficult 
economic climate. 

Of the 125 countries that 
are represented in the 
Conservation International list 
of biodiversity hotspots (www. 
biodiversityhotspots.org), most 
have a low per-capita gross 
domestic product (GDP) anda 
strong religious base (http:// 
tinyurl.com/2b2kg9). Collectively, 
these countries are home to more 
than 4 billion people affiliated 
with one of 11 mainstream faiths; 
more than half of them have a 
total population of 3 billion and 
a per-capita GDP of less than 
US$5,000. 

Religious sympathy has the 
potential to make a major 
contribution towards biodiversity 
conservation. This contribution 
could be extremely valuable in the 
approach to the 2010 target of the 
Convention on Biological Diversity. 
Shonil Bhagwat School of Geography 
and the Environment, University of 
Oxford, South Parks Road, 

Oxford OX13QY, UK 
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e-mail: shonil.bhagwat@ouce.ox.ac.uk 
Martin Palmer Alliance of Religions 
and Conservation, The House, 

Kelston Park, Bath BA19AE, UK 


Defining numbers 
in terms of their 
divisors 


SIR — In her informative Book 
Review of Yoko Ogawa’s The 
Housekeeper and the Professor 
(Nature 460, 461-462; 2009), 
Jennifer Rohn nicely illustrates 
how one false premise will lead to 
all kinds of misunderstanding. She 
states that primes resist “division 
by any number other than zero 
and one”. She means, of course, 
that a prime number resists 
division by any number other than 
itself and one. Every integer can 
count on two divisors: itself and 
one. All resist division by zero. 

If we do not exclude unity and 
the number itself when summing 
up divisors, the ‘abundant’ 
numbers, whose divisors’ sum 
is greater than themselves (for 
example, the number 18 referred 
to in the review), really would be 
abundant — and would include 
all numbers higher than one. 
Meanwhile, ‘deficient’ numbers 
such as the number 14, for which 
the divisors’ sum is less, would 
be non-existent. 

D. Speijer Academic Medical Centre, 
University of Amsterdam, Medical 
Biochemistry, Meibergdreef 15, 1105 
AZ Amsterdam, the Netherlands 
e-mail: d.speijer@amc.uva.nl 


Contributions to Correspondence 
may be submitted to 
correspondence@nature.com. 
They should be no longer than 
about 300 words, and ideally 
shorter, with no more than 
three references and three 
authors (for details, see http:// 
tinyurl.com/373jsv). Published 
contributions are edited. 
Science publishing issues of 
interest to authors are regularly 
featured at Nautilus (http:// 
blogs.nature.com/nautilus), 
where we welcome comments 
and debate. 
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Pakistan's reform experiment 


In 2002, Pakistan began an ambitious overhaul of its higher-education system. The successes and failures 
of the experience hold lessons for other countries, say Athar Osama and co-authors. 


set out to dramatically reform its 
higher-education system. The reforms 
were designed to reverse years of chronic 
underfunding, to invest in the academic work- 
force and to revitalize a moribund research 
enterprise. This ambitious agenda generated 
immense public interest and controversy. 
Although it is too early to judge the outcome 
of the experiment, it is already clear that some 
initiatives were more successful than others. 
Highs include more research papers, more 
PhDs and greater visibility for Pakistani 
research. The lows include an absence of exter- 
nal peer evaluation and of rigorous impact 
metrics. At times the speed and scale of reform 
outpaced the ability of Pakistan's universities to 
adapt. And the top-down nature of the revamp 
also led to distress among faculty members. An 
important lesson for would-be reformers is that 
greater participation and openness may increase 
credibility and sustain support for reforms. 
Higher education in Pakistan has been a story 
of neglect for much of the country’s 62 years. 
Outside a few pockets of excellence, many of the 


\ fter decades of neglect, in 2002 Pakistan 


institutions have been marked by mediocrity 
and a lack of motivation. Rather than contribut- 
ing to the creation of new knowledge, they have 
been institutions of rote learning and feeder 
schools for foreign universities. 

After rising to power in 1999, the military 
government of General Pervez Musharraf 
undertook a series of reforms. This coincided 
with broader international support from devel- 
opment and donor communities for investment 
in higher education. The public-private Task 
Force for Higher Education was set up in 2001 
to review Pakistan's higher-education situation 
and recommend options for improvement. 

The task force made some startling discov- 
eries’. In Pakistan, only 2.6% of 17-23 year 
olds were enrolled in an institution of higher 
education compared with 6.2% in India, 12.7% 
in Iran and 68% in South Korea. Of those few, 
only about 30% went to universities with the 
rest attending two-year colleges. The total pub- 
lic funding of 41 public-sector universities was 
a meagre Rs3.9 billion per annum (US$55 mil- 
lion in 2001 ddlars). This amounted to a mere 
0.1% of the country’s gross domestic product’. 


PAKISTAN’S KEY INITIATIVES — PROGRESS SO FAR 


Human resources (faculty) development 


Foreign PhD fellowships 


2,825 scholarships awarded for study abroad in 20 host countries 


Foreign Faculty Hiring 
Programme (FFHP) 


Internationally comparable salaries offered to attract foreign faculty 
members — often Pakistanis working abroad — to take temporary 
appointments at a public university. 289 foreign professors have joined 


Tenure Track System (TTS) 


Internationally comparable salaries offered to faculty members to enter into 
a performance contract under the tenure track stream; adoption is marginal 


Domestic PhD fellowships 


To date, 3,516 PhD scholarships awarded — 179 PhDs completed 


Research and physical infrastructure 


National Research Programme 
for Universities (NRPU) 


Pakistan Education and 
Research Network (PERN) 


A peer-reviewed research-grant programme for 3-year projects; 644 
projects approved (approval rate: 47%) between 2002-08 


High-speed Internet connectivity to 95 universities to enable research 
collaboration and video-conferencing 


National Digital Library (NDL) 


Free electronic access to 45,000 e-books and 23,000 full-text journals 
across more than 250 institutions 


Curriculum, governance and learning innovation 


Curriculum reform 


Curriculum of 97 disciplines updated; graduate courses increased to 4 years 


Quality assurance 


Quality Enhancement Cells established in 30 universities 


Governance 


Criteria for appointment of university vice-chancellors established; 
governance and leadership training for university leaders 


Learning innovation 


Programmes to train faculty members in innovative teaching methods 


Source: HEC data (especially ref. 5) 
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SUMMARY 


e Big investment in higher education in 
Pakistan over the past 7 years 

e Papers and PhDs up, engineering and 
maths show biggest improvement 

e Education commission needs an 
independent review of its policies 


The national annual allocation for university 
research was only Rs40 million’. 

Chronic underfunding of higher education 
was just one of the challenges identified. Other 
concerns were a lack of political will for mean- 
ingful reform, a lack of appreciation for the role 
education can play in development, ineffective 
governance systems, political interference in 
university administration, weak institutional 
leadership and, at the university level, a lack df 
performance culture and accountability. 


March of progress 

The task force made a series of recommenda- 
tions, induding calling for a huge jump in public 
funding for universities from Rs3.9 billion in 
2001-02 to Rs21.7 billion in 2005-06 (ref. 2). 
An action plan was taken forwards by the 
Higher Education Commission (HEC), which 
replaced the University Grants Commission. 

Starting in 2003, the HEC launched pro- 
grammes in human-resources development, 
research and physical infrastructure, and 
reforms of curriculum, governance and peda- 
gogy (see ‘Pakistan's key initiatives — progress 
so far’). Human resources took the lion’s share 
of investment, and often received the strongest 
criticisms. Inevitably, some programmes were 
better designed and executed than others. 

For example, a foreign PhD fellowship 
programme has sponsored more than 2,000 
scholars to study abroad. To date, the host 
countries seem to be happy with the quality 
of these students, although the programme’s 
impact will depend on Pakistan’s ability to 
attract back and reabsorb the scholars. 

By contrast, the domestic PhD fellowship 
programme has had a bumpier start. Here 
the goal was to create 5,000 new PhDs at local 
universities over 5 years — from a baseline of 
a few hundred PhDs in previous years. In this 
instance, the HEC’s critics argue that undue 
emphasis has been placed on quantity rather 
than quality. Two factors are at the root of the 
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criticism — strong financial incentives for 
faculty members for each student that they 
advise, and low entry criteria for students. The 
HEC’s attempts to address concerns have been 
opposed by some faculty members, perhaps 
because they were benefitting from the incen- 
tives. The result could be too many ill-prepared 
students gaining doctorates, which could have 
long-term consequences for the market and for 
the reputation of Pakistani PhDs. 

Arguably, in this and in a few other cases, 
the HEC adopted a much more aggressive 
approach to reform than it — or Pakistan’s 
university system — could manage. In some 
instances, the HEC has been slow to realize the 
unintended consequences of its programmes. 
Excessive centralization of the reform effort — 
which the HEC justified as necessary to keep 
up momentum — also undermined university 
leadership and academic freedom. 

The commission's attempts to win over the 
resistance has had mixed results. For instance, 
by tying faculty performance to financial com- 
pensation it created deep divisions between 
winners and losers in a two-tier salary struc- 
ture. And, by sending young scholars abroad 
by the thousands — to be reabsorbed on their 
return — it created a fresh base of support 
for its policies. However, support is far from 
universal — older and relatively independent 
universities have generally been more critical 
of HEC encroachment on institutional and 
academic freedom, and some only selectively 
participated in HEC programmes’. 

Despite this resistance, the HEC seems to 
have changed the culture of Pakistani academia 
considerably over the past 5 years’. The HEC 
claims to have caused a 400% increase in the 
number of papers published in international 
journals by Pakistani universities. It also takes 
credit for the appearance of three Pakistani 
universities among a popular top-600 chart of 
world universities, the ranking of Pakistan as a 
‘rising star’ in five fields of science and engineer- 
ing* and external endorsements by evaluation 
teams from the British Council, 
the World Bank and USAID. 

It is more difficult to esti- 
mate the influence of the HEC 
programmes on research qual- 
ity. Metrics are lacking and 
impact takes longer to become 
visible. Comparing the pre- and post-reform 
publishing performance of Pakistani authors, 
we found that in most fields, Pakistan’s impact 
has improved relative to the world average 
(see ‘Pakistan's academic publishing perform- 
ance’). Engineering and mathematics seem to 
have seen the biggest improvement. In math- 
ematics, for example, an average paper by a 
Pakistani author is cited around 20% more 


“The commission 
should be judged on 
whether it is creating 
aculture of research.” 


PAKISTAN'S ACADEMIC PUBLISHING PERFORMANCE 
Pre-reform (1998-2002) Post-reform (2003-07) 
Total papers %ofworld | Relativeimpact* | Totalpapers %ofworld | Relative impact 

Biology and biochemistry 134 0.05 =hio 282 0.09 =610)©) 
Chemistry 25) 0.14 -75.9 1,582 0.26 Tiles 
Computer science 5 0.02 -80.0 50 0.09 =69 5 
Economics and business 16 0.03 -81.3 1 0.03 -88.5 
Education 6 0.05 -66.0 7 0.05 -64.2 
Engineering 165 0.06 =e] 518 0.14 -10.1 
Mathematics 27 0.04 Ore. 66 0.08 20.8 
Physics 409 0.09 -58.9 729 014 -44.9 
Plant and animal science ATA 0.21 -68.8 863 0.34 =6/.6 
Social sciences, general 67 0.05 =29) 117 0.07 -279 
Source: Science Watch/Thomson Reuters. *Percentage a paper is cited more or less than an average paper in the discipline. 


than the worldwide average for the discipline. 

The strongest criticism of the reforms is that 
by vesting most powers within one body, the 
HEC became the initiator, implementer and 
evaluator, making accountability problematic or 
impossible. This created opposition from those 
who might have agreed with the reforms but 
were opposed to the implementation. Greater 
transparency and accountability would have 
diverted some of this criticism. 

More consultation and external oversight 
would have reduced the momentum for 
reform, but, in some cases, that may have been 
a good thing. In our view, reform should be 
evenly paced — even slowed down — to avoid 
any real or perceived compromise on quality. 


Rapid results 
Atta-ur-Rahman, the former chairman of the 
HEC, is unapologetic for being in a hurry to 
bring Pakistan’s academic establishment into 
the twenty-first century. To him, a more patient 
approach to building research capacity would 
simply not get the job done. Under his com- 
mand, the HEC pursued radical overhaul and 
chose to focus resources on a 
few areas, such as natural sci- 
ences and engineering, where 
it could quickly demonstrate 
results. Although the jury is 
still out on the wisdom of this 
approach, it did create the 
necessary momentum for the reform agenda. 
In the current economic environment, with a 
change in national government, and fresh ques- 
tions being asked about the HEC’s budget and 
programmes, there is great need for an inde- 
pendent peer review of the HEC’s perform- 
ance. Ideally, this review would be undertaken 
by a committee of national and international 
experts in policy and academic governance. This 
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could position the HEC for a next phase of the 
reform effort that builds on its more successful 
programmes and improves on the less success- 
ful ones. Any reform agency must be willing to 
continually learn and adapt. We recommend that 
the HEC devotes resources to setting up data- 
collection systems and processes that would 
allow it to learn from its past experiences. 

The HEC has, over the past few years, made 
considerable progress. Its success, however, must 
not be measured by the number of grants made 
or PhDs awarded. Rather it should be judged 
on whether it is creating a ailture of research — 
one driven not by financial incentives, but by a 
genuine desire to create new knowledge and to 
enable the broader society to reap the benefits. 
While that remains to be seen, Pakistan’s experi- 
ence has useful lessons for other countries. 
Athar Osamais a visiting fellow and Adil Najam 
is the director of the Pardee Center for the Study 
of Long Range Future at Boston University, 
Boston, Massachusetts 02215, USA. Shamsh 
Kassim-Lakha is former minister of education, 
science and technology, Pakistan. Syed 
Zulfiqar Gilani is at the Institute of Education 
and Research, University of Peshawar, 

Peshawar, Pakistan. Christopher King is editor 
of ScienceWatch.com, Thomson Reuters, 
Philadelphia, Pennsylvania 19104, USA. 
e-mail: athar@atharosama.com 
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A member of a Sunni extremist 
group during a protest in 
Lahore, Pakistan, last month. 


An adviser to US President Barack Obama argues that people's tendency to seek out those with similar 
views can entrench extreme opinions. But many other forces can fuel outlandish beliefs, says Herbert Gintis. 


by Cass R. Sunstein 
Oxford University Press: 2009. 208 pp. 
S195, E1229) 


Law professor Cass Sunstein creatively 
combines academic scholarship, p opular 
writing and public service. As an adviser to 
US President Barack Obama, he has recently 
moved from his position at Harvard Law School 
to head the Office of Information and Regula- 
tory Affairs. His latest book, Going to Extremes, 
examines how social segregation causes people's 
views to become more exaggerated. 

Sunstein’s specialism is behavioural decision 
theory, a field that has demonstrated that 
beliefs are not formed using rational delibera- 
tion alone. In this book, he gathers evidence to 
show that when like-minded people interact, 
their views are reinforced and become more 
extreme. For instance, in one experiment, sub- 
jects who identified themselves as ‘liberal’ or 
‘conservative’ became even more so after being 
separated into two groups of like-minded indi- 
viduals to discuss controversial issues such as 
global warming, abortion and gay marriage. 

Sunstein concludes that people tend to seek 
others with similar ideas, and their interactions 
give rise to group polarization. His key example 
is religious terrorism, as perpetrated by young 
men who spend time together, pray together 


40 


and read the same materials. In reinforcing the 
legitimacy of one another’s complaints, they 
generate an unwarranted justification for their 
violent intentions and a groundless optimism 
in their ability to succeed. 

Going to Extremes is also a cautionary tale 
for Obama. His predecessor, George W. Bush, 
has been widely criticized for failing to sup- 
ply sufficient troops and equipment to the 
rebuilding initiative in Iraq following the 
fall of Saddam Hussein. Bush’s failure to act 
has often been attributed by the Democratic 
opposition to the similar mindset of his team 
of advisers, who were hand-picked to work 
beside defence secretary Donald Rumsfeld. 
Very soon after Rumsfeld was replaced by 
Robert Gates in December 2006, Bush’s 
strategy changed. After much consultation, 
in January 2007 Bush authorized a dramatic 
increase in troop levels in Iraq. 

Sunstein argues that a diversity of advisory 
opinion is essential to good leadership, to avoid 
executive policy becoming entrenched irre- 
spective of unfolding events. As a small group 
of people all committed to one viewpoint, 
Bush’s advisers moved to a position that was 
more extreme, and less tenable, than any single 
adviser would have held in isolation. 

However, not all collective false beliefs are 
the product of self-segregation. ‘Belief con- 
tagior can lead large numbers of people to 
accept outlandish notions for which there 
are no credible evidence. For example, in the 
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mid-twentieth century, psychoanalyst Bruno 
Bettelheim asserted, on the basis of anecdotal 
evidence, that autism was caused by “refrig- 
erator mothers” — women who treated their 
children coldly. Widely endorsed at the time 
but now regarded as erroneous, this runaway 
belief heralded years of victimization of the 
mothers of children with autism and misdi- 
rected therapeutic efforts. 

A more recent example of belief contagion 
from the late-twentieth century is the pre- 
occupation with ‘recovered memories, which 
are susceptible to suggestion and hence can 
be easily spread. There have been many cases 
of teachers, for example, being prosecuted for 
alleged sexual abuse on the basis of community 
accusations, backed up with rehearsed child 
testimony and irregular court proceedings that 
were shaped by false collective beliefs. 

Prejudice is another potent generator of false 
beliefs. Anti-black sentiments were fuelled in 
the southern United States after the civil war 
by self-serving politicians and tabloid news- 
papers. Under Adolf Hitler, Nazi politicians 
spread anti-Semitic stories for political reasons, 
but prejudice rendered these stories plausible. 

On reading Going to Extremes, one might 
expect that people are becoming more polar- 
ized. But that is not the case. American vot- 
ers are now more likely to declare themselves 
Independents, rather than either Democrats 
or Republicans, than they were a century ago. 
And in all but four sessions of the US Congress 
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between 1980 and 2007, the president and the 
congressional majority have come from dif- 
ferent parties.We may feel more polarized 
today because, especially through the media, 
we are in daily contact with those with whom 
we disagree. 

Nor should terrorism be thought of as simply 
the product of group polarization. Terrorism 


has long been an effective tactic for non-state 
actors with political goals, and is supported 
and funded by large sections of the societies 
in which they live. 

Going to Extremes is a fine book full of 
insightful evidence and intelligent commen- 
tary on modern political life. Sunstein’s vision 
of emancipatory political discourse is salutary, 


and the world would probably be a better place 
if we followed it. But this is only one aspect of 
how we form beliefs. a 
Herbert Gintis is professor of economics at the 
Central European University, 1051 Budapest, 
Hungary, and external professor at the Santa Fe 
Institute, Santa Fe, New Mexico 87501, USA. 
e-mail: hgintis@comcast.net 


Society need not 


The Age of Empathy: Nature's Lessons 
for a Kinder Society 

by Frans de Waal 

Random House: 2009. 320 pp. $25.99 


In the 1950s and 1960s, a major topic of 
research in animal behaviour was aggres- 
sion. Konrad Lorenz’s popular 1966 book, 
On Aggression, argued that it has an impor- 
tant role in the social life of many animal 
species, including humans. The idea struck 
a chord with the public — perhaps because 
the memory of the Second World War was 
still fresh and the emerging cold war showed 
that even allies could turn on one another. 
Lorenz also noted that many animal species 
had “aggression-inhibiting mechanisms” to 
keep things from getting out of hand. But he 
thought that humans were especially under- 
equipped with these. 

In the late 1970s, ethologist Frans de Waal 
began to study the aggression-inhibiting mech- 
anisms of various primate species, which led 
to the discovery that primates often reconcile 


be selfish 


after fighting. Combatants will seek out one 
another and display some kind of peacemaking 
behaviour that often involves touching, as 
de Waal summarizes in his 1989 book Peace- 
making Among Primates (Harvard University 
Press). The phenomenon has turned out to be 
robust and widespread, even among some non- 
primate mammals. De Waal has also studied 
reciprocity in primates: food sharing, support 
in fights and grooming seem to be exchanged 
in kind in many species. 

Over the past 15 years or so, de Waal has 
written a series of popular books with the main 
theme that humans are more similar to other 
animals in their attitudes and behaviour than 
most people realize. In particular, he has set 
out to combat the idea that evolution selects 
exclusively for individualistically selfish behav- 
iour in animals. He argues that evolution has 
also selected for conciliation, cooperation and 
even empathy in many species, most obviously 
in those who live in complex social groups, 
which includes most mammals and almost all 
primates. To the chagrin of many scientists, 
de Waal’s books often weave together seamlessly 


Dolphins’ ability to cooperate, argues Frans de Waal, is evidence that evolution favours altruism. 
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systematic research with informal anecdotes of 
animal behaviour. 

In his latest volume, The Age of Empathy, 
de Waal continues these same themes but 
with more focus on the implications for how 
we should conduct ourselves and construct 
our societies. His evidence is drawn from non- 
human primates, dolphins, elephants and vari- 
ous domesticated animals, including his own 
pet cat. He also scrutinizes some politicians 
and popular figures from the point of view of 
animal behaviour. A repeated foil throughout 
is Gordon Gekko, from the 1987 movie Wall 
Street, who reiterates in various forms the basic 
credo that “greed is good”. 

As a European living in the United States, 
de Waal compares a cooperative, collectiv- 
ist and caring society with one that is more 
focused on individuals’ rights and responsi- 
bilities — confessing his own sentiments to lie 
“somewhere in the middle of the Atlantic”. His 
main political message is that we should not 
continue to harp on about evolution justifying 
only the selfish side of human nature, although 
of course that exists. He urges that we must also 
capitalize on the empathetic and cooperative 
attitudes that evolution has equipped us with, 
writing: “A society that ignores these tenden- 
cies can’t be optimal”. 

De Waal’s latest book does not address fun- 
damental questions about the evolution of 
cooperation, empathy or altruism, nor how 
humans evolved exaggerated forms of these 
to become fully moral agents. But for those 
who still equate the terms ‘beastly’ and ‘ape- 
like’ with fundamentally selfish and aggres- 
sive behaviour, and who believe that evolution 
is always “red in tooth and claw’, The Age of 
Empathy is an excellent antidote. Whether this 
book, or indeed any study of the natural world, 
also provides concrete lessons for human soci- 
ety is another question. a 
Michael Tomasello is professor of developmental 
and comparative psychology at the Max Planck 
Institute for Evolutionary Anthropology, D-04103 
Leipzig, Germany. His forthcoming book is Why 
We Cooperate. 
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Pop artist displays primitive instincts 
A retrospective of Todd Schorr’s huge oil-painted comic-book visions features his garish image 
of a hunter-gatherer. Is it a deliberate allegory of consumer culture, asks Martin Kemp? 


Sci-fi comics have a look of their own. Their 
style has changed over the years in response 
to new print technologies, but they display 
recurrent visual characteristics that are easy 
to list. Alien creatures have monstrous heads, 
leering eyes, savage claws, snaking tentacles 
and scaly skins. Mechanized organisms do 
battle with anthropomorphized machines. 
The paraphernalia and costumes are oddly 
Gothick; galactic spaces plunge and swirl; and 
phosphorescent lights compete with devour- 
ing darkness. All of this is 
rendered in lurid colours 
with exaggerated outlines 
that shout of violent action 
and rude excitement. 
There seems to be little 
here to align with ‘high art: 
However, in the mid-1950s, 
American and British art- 
ists in the pop art move- 
ment, such as Andy Warhol 
and Richard Hamilton, 
imported imagery and 
techniques from the com- 
mercial world and from 
‘lowbrow’ sources including 
comics and cartoons. Low- 
brow art became a move- 
ment in itself, centred on 
Los Angeles in California 
from the 1970s onwards, 
adopting the cartoon style 
as its major characteristic. 
No one has gone to more 


bizarre organic inventions, Jerome Bosch. The 
competition is therefore tough, both techni- 
cally and inventively. 

How far does Schorr’s loving transposition of 
lowbrow modes into art for galleries transcend 
his ‘vulgar’ sources? The professional illustrators 
of comics, pulp fiction and animated cartoons 
did their work with precise skills and superb 
draftsmanship. Looking at Schorr’s retro- 
spective exhibition in the San Jose Museum of 
Art in California, there are times when it seems 


Todd Schorr's Hunter Gatherer depicts cartoon icons that are rich in surrealist symbolism. 


A laughing Mohican is dressed in the 
uniform of an Atlanta Braves baseball player. 
The palaeolithic Willendorf Venus dances 
with a stubbly and lecherous Mickey Mouse 
on a disco platform cut from the bloody leg 
of an ungulate. Another mouse in the ape’s 
grip, presumably Minnie, plays the part per- 
formed so tellingly by Fay Wray in the 1933 
film King Kong. Fronds of primitive equiseta 
spiral upwards into a vortex that is reminis- 
cent of Paul Signac’s pointillist portrait of 
Félix Fénéon from 1890 
(at the Museum of Mod- 
ern Art in New York). 

At one level, Schorr is 
revelling in the look of 
lowbrow culture. Yet once 
this is portrayed on the 
heroic scale of a histori- 
cal painting on the walls 
of an art gallery, we are 
invited to adopt an ironic 
manner of viewing. Like 
all pop artists, he is having 
his cake and eating it too, 
only to spit it out at the 
end. We may intuit that the 
hunter-gatherer in Schorr’s 
painting suggests that the 
apeman’s primitive instinct 
for acquiring material 
trivia still drives our con- 
sumer culture today. 

However, to formulate 
too fixed an interpreta- 


elaborate lengths than the 

painter Todd Schorr to transfer lowbrow modes 
of representation to the ‘high’ technique of oil 
painting on canvas — often on a very large 
scale. Schorr, who is based in Los Angeles, has 
a background that is perfect for this end. 

Starting out as a drummer in rock bands, 
Schorr was captivated by the culture of psych- 
edelia before training as an illustrator at the 
Philadelphia College of Art in Pennsylvania. 
His career flourished: he produced album 
covers for AC/DC, film posters for Francis 
Ford Coppola and covers for Time magazine. 
But, like Warhol before him, he progressively 
detached himself from commercial work to 
pursue a career as a fine artist. 

Schorr characterizes his paintings as an 
American variety of surrealism. His heroes are 
Salvador Dali, that most technically polished 
of surrealists, and the Renaissance maestro of 
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that he is achieving little more than a collage of 
pop motifs in a stock surrealistic mode. 

On other occasions, however, the narrative 
and symbolism move to a different level. This 
is particularly true of his recent series of ape 
paintings, which range across chronological 
territories from the remote past to the sci-fi 
future. Hunter Gatherer (owned by Leonardo 
di Caprio) garishly exemplifies how Schorr tells 
his stories and enriches them with intricate 
symbolism. We need to decode the whole and 
the parts in much the same way that a historical 
iconographer would tackle a Botticelli painting 
on a dassical theme. 

A humanoid ape emerges from a bubbling 
swamp, apparently amazed by the sight of 
a toy space robot. On his back, like Santa 
Claus, he carries a roughly stitched sack of 
cartoon character toys, including Batman. 
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tion is wrong. Unlike a 
frame from a comic-book cartoon, the nar- 
rative is not spelled out by successive images 
and strings of words. The painting acts as an 
inviting field for interpretation. 

Will Schorr be regarded as a major visual 
allegorist of our age, as was Botticelli in the 
Renaissance? For my part, I find it difficult 
to get past the unpleasantly garish render- 
ing and unsubtle storytelling. But that is the 
point. The lowbrow artists are attuned to a 
major facet of our visual culture. And they are 
very Californian. a 
Martin Kemp is emeritus professor in history of 
art at the University of Oxford, Oxford, UK. 


Todd Schorr: American Surreal 
San Jose Museum of Art, California 
Until 16 September 
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The Andromeda galaxy. 


Hidden chaos in cosmic order 


Nickolay Y. Gnedin 


“Galaxies, like elephants, have long memories,” says an influential article from the 1980s. Tapping into these 
memories has revealed some surprising facts about the history of our neighbouring Andromeda galaxy. 


In popular literature and undergraduate 
textbooks, galaxies are often called the build- 
ing blocks of the Universe. That implies that 
galaxies are complete, indivisible, monolithic 
blocks that make up all other cosmic struc- 
tures. Indeed, for a long time that view was 
shared by many astronomers. After all, most 
of the galaxies that we see in books and on the 
Internet — and even in Chicagos O'Hare Inter- 
national Airport, which celebrated the 2009 
International Year of Astronomy by decorating 
its passageways with astronomical images — 
are perfect in the symmetries of their shapes. 
This respect for the strict beauty of galac- 
tic shapes is, to a large degree, due to Edwin 
Hubble. His classification of galaxies’ on the 
basis of their shapes and structural properties 
is still in wide use today. But the perfection is 
never complete, and Hubble had to dump into 
a class of ‘irregular’ galaxies all the exceptions 
that did not fit into his two main classes of per- 
fect ellipsoids or spiral disks. These irregular 
galaxies are often in the process of collision, or 
‘merger, with other galaxies. Galaxies are large 
and complex systems, and when they collide, 
everything becomes a mess. 

Just like architects who enjoy the strict beauty 
of new buildings and disdain the ugliness of 


ruins, many twentieth-century astronomers 
expressed their contempt for that (actually not- 
so-small) class of irregular galaxies by calling 
them train wrecks. But as telescopes became 
bigger and astronomical cameras more sensi- 
tive, several astronomers found themselves in 
the role of archaeologists rather than archi- 
tects — to the point of even adopting the word 
‘archaeology in their studies. On page 66 of 
this issue, McConnachie et al.” present the Pan- 
Andromeda Archaeological Survey (PAndAS), 
an excellent example of galactic archaeology in 
our own cosmic backyard. This large group of 
astronomers undertook a careful and painstak- 
ing study using the 3.6-metre Canada—France- 
Hawaii Telescope to map with unprecedented 
sensitivity (or depth, as astronomers like to 
call it) a large region around the Andromeda 
galaxy, a sister and neighbour galaxy to our 
own Milky Way. 

The Milky Way and Andromeda coexist in 
an otherwise rather undistinguished corner 
of the cosmos. The only two ‘first ladies’ of 
their neighbourhood, with about 100 billion 
stars each, they are surrounded by around 50 
satellite galaxies that range from small (with 
a mere 2 billion stars) to truly tiny (with just 
1,000 stars). Like true ladies, they need elbow 
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room, and are far enough apart that their 
gravitational forces do not disturb each other 
very much. 

But let’s focus on Andromeda. Every 
morning, as I come to my office, I walk past 
a beautiful wall-sized image of Andromeda 
from the Sloan Digital Sky Survey (ref. 3). 
The grandeur and symmetry of Andromeda 
often reminds me of a Gothic cathedral. 
What is there for an archaeologist to look for? 
Everything, claims the PAndAS team”. Just as 
Gothic cathedrals usually stand on layers of 
archaeological treasures, so do the cathedrals 
of the cosmos. In their ultra-deep images 
of Andromeda and its neighbourhood, the 
PAndAS team discovered’ a wealth of infor- 
mation about Andromeda’s violent past and 
its relations with its most famous satellite 
galaxy, the Triangulum galaxy. 

How did they do that? Here is your chance 
to see galactic archaeology in action. The 
ultra-deep images of the Triangulum galaxy 
uncovered a huge — but very disperse, and 
hence faint — cloud of stars surrounding 
the small and dense Triangulum. The stars 
are clearly associated with Triangulum itself, 
but what force could have hurled millions 
of stars into its outer reaches? The answer is 
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obvious: the only 800-pound gorilla (in fact, a 
7x 10! *-pound one) in the room is Andromeda; 
its gravitational force is so strong that even 
a 2-billion-star galaxy such as Triangulum 
cannot withstand it. 

The existence of an extended stellar halo is 
an important clue that in the past Triangulum 
came too close to its massive neighbour. By 
matching supercomputer simulations with 
the observed deep images of Triangulum and 
Andromeda, the PAndAS team’ was able to 
reconstruct the most likely past trajectory of 
Triangulum. According to these calculations, 
the momentous encounter took place about 2.5 
billion years ago, when Triangulum came to 
within a ‘mere’ 40,000 parsecs (130,000 light 
years) of Andromeda. The massive gravity of 
Andromeda caused tides in Triangulum so 
enormous that millions of stars were hurled 
beyond Triangulum’s edge. 

But surely such a close passage of Triangu- 
lum with its 2 billion stars must have left traces 
in Andromeda. And, indeed, the ultra-deep 
observations of the PAndAS team’ reveal a mild 


warp and small disturbances in Andromeda’s 
stellar disk exactly at the spot where the pas- 
sage of Triangulum would have caused them. 
These clues are strong enough to hold in any 
court of law. 

Alas, the beauty of cosmic cathedrals is 
only perfect to the near-sighted; look deeper, 
and under the veil of perfection you'll find 
the messy traces of their violent past. Every 
galaxy is an irregular one, if one only looks 
deep enough. As astronomers are learning 
how to read these traces, they appreciate more 
and more that, as Binney and May exclaimed 
in their article’, “galaxies, like elephants, have 
long memories”. a 
Nickolay Y. Gnedin is in the Theoretical 
Astrophysics Group at Fermilab, Batavia, Illinois 
60510, USA. 
e-mail: gnedin@fnal.gov 
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CANCER 


The fat and the furious 


Eyal Gottlieb 


Evidence linking metabolic alterations to cancer progression is accumulating. 
It seems that cancer cells must sustain their energy production and remain 
well fed to survive detachment from their normal habitat. 


Good cells perform their physiological 
activities only at the right time and in the right 
place. When removed from their natural sur- 
roundings they self-destruct — an event that 
is termed anoikis (Greek for homelessness). 
Not so cancer cells: they survive, invade other 
tissues and continue to grow in unfamiliar ter- 
ritories. On page 109 of this issue, Schafer et al.’ 
show that cancer-inducing oncogenes may 
protect cells from anoikis by maintaining the 
cells’ glucose consumption. Their work dem- 
onstrates that the death of normal ‘away-from- 
home cells is caused by starvation, and strongly 
connects cellular metabolism to cancer. 
Anoikis occurs when cells detach from 
the basement membrane or the extracellular 
matrix, both of which provide them with sur- 
vival signals’. Originally, anoikis was thought 
to be executed by apoptosis — a programmed 
cell death set off by several different cues, 
which results in cell fragmentation and elimi- 
nation. Yet it turns out that blocking apoptosis 
does not prevent anoikis because detached 
cells die anyway’. Moreover, another process, 
autophagy — in which the cell digests some 
of its own components — is observed in anoi- 
kic cells*. If autophagy runs its full course, 
cells kill themselves by self-consumption but, 
at first, autophagy may help cells to survive 
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starvation. This prompted Schafer et al.' to 
investigate whether starvation is a feature of 
anoikis and, indeed, they showed that, when 
detached from the extracellular matrix, breast 
epithelial cells reduce their glucose uptake 
and energy production. 

Cancer cells have an unbridled capacity 
for proliferation and invasion. Thus, cancer 
cells escape anoikis or, viewed another way, 
anoikis prevents cancer. Several onco- 
genes are known to hinder anoikis” but the 
mechanisms by which they do this remain 
obscure. One oncogene, ERBB2, encodes the 
epidermal growth factor receptor’, a cell-sur- 
face protein that is activated in approximately 
25% of breast cancers. On the basis of their data 
linking glucose uptake with cellular detach- 
ment, Schafer and colleagues’ asked whether 
ERBB2 expression might prevent anoikis in 
detached breast epithelial cells by affecting 
energy metabolism. They grew normal and 
ERBB2-overexpressing breast epithelial cells 
in a three-dimensional culture system that 
mimics normal mammary gland structure. 
The breast cells spontaneously form globules 
that are made up of a single layer of cells sur- 
rounded by a basement membrane. These 
globules reliably emulate mammary gland sacs 
(or acini), which usually have a hollow centre 
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because the inner cells that have detached from 
the external basement membrane have been 
eliminated by anoikis — an essential process 
for the formation of mammary gland acini’. By 
contrast, filling the centre of the acini with cells 
is a feature of breast cancer (Fig. 1). 

Using this culture system, Schafer et al. show 
that ERBB2 expression rescues detached cells 
from energy depletion by maintaining their 
glucose uptake, specifically by activating the 
cancer-inducing PI3K/AKT pathway’. The 
authors’ findings are in line with results from 
previous studies showing that the PI3K/AKT 
pathway activates glucose uptake°and protects 
cancer cells from starvation’. 

Once in the cell, glucose may be metabolized 
through several pathways, including glycoly- 
sis, in which it is broken down to pyruvate to 
generate ATP, the cell’s energy currency, and 
NADH, a mediator of ATP production. Pyru- 
vate is routed to the mitochondria where, in the 
presence of oxygen, it is metabolized to produce 
large amounts of ATP (Fig. 2). Athough oxygen 
is essential for generating the maximum yield 
of energy from glucose breakdown, it can also 
fatally damage the cell by contributing to vari- 
ous forms of oxidative stress. Glucose helps to 
prevent this oxidative stress — for a small price 
in bioenergy, glucose bypasses the initial steps 
of glycolysis and enters the pentose phosphate 
pathway. This produces less ATP but generates 
NADPH, a powerful mediator of antioxida- 
tive reactions that protect cells from oxidative 
damage*” (Fig. 2). 

In an interesting twist, Schafer et al. note that 
anoikis can be prevented in normal, detached, 
glucose-starved cells if they are given antioxi- 
dants, showing that it is increased oxidative 
stress rather than decreased glycolysis that 
induces rapid anoikis. Moreover, the authors 
show that oxidative stress caused by a lack of 


a Normal cells b Cancer cells 


Basement 
membrane 


Dying cells 


Figure 1| Breast cancer cells survive 
detachment. Breast epithelial cells form hollow 
mammary gland sacs, termed acini. a, Normal 
breast epithelial cells are attached to a basement 
membrane, which provides them with survival 
signals. Cell death caused by detachment 

is called anoikis. b, ERBB2-overexpressing 
cancer cells survive detachment from the 
basement membrane and fill the lumen of the 
acinus. Schafer and colleagues’ investigate the 
mechanisms of survival in breast cancer cells in 
a three-dimensional culture system that mimics 
normal mammary gland structure. 
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glucose uptake prevents the metabolism of 
fatty molecules (which are a compensating 
energy source) and so exacerbates starvation 
(Fig. 2). 

Schafer and colleagues’ observations’ 
that ERBB2 overexpression sustains matrix- 
detached cancer cells by maintaining glu- 
cose uptake adds to the evidence connecting 


Figure 2 | Metabolic changes in detached normal 
breast epithelial cells. The red arrows represent 
the changes in the amounts of metabolites 

when normal breast epithelial cells detach 

from the extracellular matrix. Glucose uptake 

is decreased, which hinders both glycolysis 
(green) and the pentose phosphate pathway 
(blue). Consequently, an increase in oxidative 
damage blocks the consumption of fatty acids. 
The main energy-producing pathways are shut 
down and cells experience severe starvation 

and death. Schafer et al.' find that in detached 
ERBB2-overexpressing cancer cells, glucose 
uptake continues together with glycolysis and 
the pentose phosphate pathway. Sufficient 
energy is generated by glycolysis and by pyruvate 
breakdown in the mitochondria, and there is no 
need for compensatory fat consumption. 


metabolic alterations to cancer progression”. 
And their finding’ that oxidative stress is a 
central mechanism that induces anoikis in 
matrix-detached cells calls into question the 
rationale of treating cancer with antioxidants. 
The authors’ work raises many other intrigu- 
ing questions. What shuts down glucose 
uptake and metabolism, allowing anoikis 


to take place? Perhaps anoikis is triggered by 
downregulation of the AKT protein. How 
does oxidative stress block the consumption 
of fats in normal detached cells? Does cellular 
starvation lead to finely tuned, regulated cell 
death? Or does it trigger an all-out offensive 
whereby all cell-death mechanisms are used 
if required? Apoptosis induction may be the 
pathway of choice for executing anoikis, but 
given that blocking apoptosis does not protect 
cells from starvation, there may well be alter- 
native anoikis-inducing pathways that await 
discovery. a 
Eyal Gottlieb is at Cancer Research UK, Beatson 
Institute for Cancer Research, Switchback Road, 
Glasgow G61 1BD, UK. 

e-mail: e.gottlieb@beatson.gla.ac.uk 
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MATERIALS SCIENCE 


Pulsating vesicles 


Jan C. M. van Hest 


During her travels through Wonderland, Alice finds several ways of growing 
and shrinking in size. A polymeric vesicle plays the same trick in response to 
pH, in a process that might one day be useful for drug delivery. 


Molecules and molecular assemblies that 
undergo controllable shape changes in 
response to an external trigger will be crucial 
to manufacturing nanometre-scale devices. 
But although stimulus-responsive systems 
are common in nature, it is not always easy 
to create synthetic versions, even when using 
nature for inspiration. This is certainly true of 
vesicles, a class of cell-mimicking structures 
that have been investigated intensively for 
decades. In the Journal of the American Chem- 
ical Society, Eisenberg and colleagues’ report a 
polymeric vesicle for which the structure and 
properties can be controlled — it ‘breathes’ 
in response to pH, becoming twice as big in 
acid solution as it is in basic solution. This 
reversible size change is accompanied by a 
permeability change, so that water molecules 
diffuse more easily through the membrane 
wall of the vesicle when the structure is 
highly swollen. 

Vesicles can be regarded as nanometre- 


scale containers, in which a molecular shell 
or membrane encloses an aqueous interior. 
Their potential applications are mostly linked 
to biomedicine, and range from drug-delivery 
devices to nanovessels for chemical reactions. 
For all of these applications, the ability to con- 
trol the transport of molecules in and out of 
the container is paramount; Eisenberg and 
colleagues’ work reveals one way in which this 
can be done. 

Their molecular assembly’ belongs to a 
special class of vesicle known as polymer- 
somes’. The membranes of most polymer- 
somes are made up of polymeric molecules 
that contain a water-soluble (hydrophilic) 
block and a water-insoluble (hydropho- 
bic) block. These surfactant characteristics 
result in the spontaneous aggregation of the 
molecules in water into bilayers that form 
spherical shells; the hydrophilic parts of 
the molecules line the outer faces of the 
bilayer, fully shielding the hydrophobic 
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parts from the aqueous environment. 

But the polymer used by Eisenberg and 
colleagues consists of three parts: a hydrophilic 
poly(ethylene glycol) (PEG) block at one end; a 
hydrophobic polystyrene block in the middle; 
and poly(2-diethylaminoethyl methacrylate) 
(PDEA) at the other end. PDEA contains 
organic bases in its side chains, which harbour 
no electrical charges under basic conditions. 
As a result, PDEA is hydrophobic in basic solu- 
tion, and occupies the inner part of the vesicle 
membrane (Fig. 1a, overleaf). However, in 
acidic conditions, the bases are protonated 
and PDEA becomes positively charged, mak- 
ing it hydrophilic. The PDEA block therefore 
starts to attract water, because it would actually 
prefer to be dissolved in water. 

The polarization of the PDEA block in 
response to a change from basic to acidic con- 
ditions would normally cause the vesicle to 
break up. However, the simple but smart design 
of Eisenberg and colleagues’ copolymer pre- 
vents the vesicle from disintegrating. At high 
pH, the non-polar polystyrene is partly mixed 
with the similarly non-polar PDEA (Fig. 1a). 
But at low pH, the polystyrene is forced out 
of the now positively charged PDEA layer 
because of the difference in polarity between 
the two polymers. The polystyrene then forms 
a specific region of its own between the PDEA 
and the PEG layers of the vesicle membrane 
(Fig. 1b). Because polystyrene is a glassy 
polymer, this region is rigid, and so prevents 
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movement and diffusion of polymer blocks 
through the membrane. It therefore functions 
as a kind of molecular restraint that keeps all 
the loose polymeric components together 
and in order, thereby preventing PDEA from 
reorienting itself towards the water layer and so 
stopping the vesicle from irreversibly losing its 
shape. The only thing that the PDEA layer can 
do when it attracts water is swell, which causes 
the entire vesicle to swell in turn. Because the 
water-swollen layer is less densely packed 
than before, water molecules pass more easily 
through the polymer membrane. 

Polymeric vesicles that change their size in 
response to pH have been described before. 
In one case’, a conformational change of the 
water-soluble block resulted in an increase 
in the vesicle’s size. In another example’, the 
structure swelled because of protonation of a 
PDEA block (as in Eisenberg and colleagues’ 
polymersome’), but the vesicle structure was 


a Outside vesicle 


pH 10.40 


Inside vesicle 


pH 6.22 


pH 3.40 


Figure 1| A pH-responsive vesicle 

membrane. Eisenberg and colleagues’ report 
polymeric vesicles that swell and shrink in 
response to changes in pH. The molecules that 
make up the membrane bilayer of the vesicles 
consist of one end block of poly(ethylene glycol) 
(PEG); a middle block of polystyrene; and a 
block of poly(2-diethylaminoethyl methacrylate) 
(PDEA) at the other end. a, At high pH, the 
pattern of polymer layers in the membrane is as 
follows: an outer layer of PEG (purple), a thin 
polystyrene layer (blue), a thicker polystyrene- 
PDEA layer (green), then a PDEA layer (yellow) 
at the centre of the membrane; the reverse pattern 
occurs moving from the PDEA layer to the inside 
of the vesicle. b, As the pH decreases, the PDEA 
and polystyrene layers separate, each becoming 
thicker, whereas the polystyrene-PDEA layers 
become thinner. c, At low pH, the polystyrene 
layer might rupture in places, allowing some 
PDEA to break through. 


maintained by cross-linking of the polymer 
molecules. The unique feature of the capsule 
reported by Eisenberg and colleagues is that it 
can ‘breathe’ repeatedly — swell and contract 
in response to pH changes — without the need 
for chemical cross-linking of the polymer mol- 
ecules to stabilize its structure. 

The authors’ study’ also demonstrates 
that there is still much to learn about the 
aggregation of macromolecules that contain 
hydrophilic and hydrophobic regions. Because 
such aggregations are often non-equilibrium 
processes, this makes them especially diffi- 
cult to predict and control. Much more work 
is therefore required before these polymeric 
self-assembly processes can be used to make 
nanometre-scale devices. Moreover, poly- 
meric aggregates are often stable structures, 
even when not in equilibrium, which means 
that many different aggregation morphologies 
might be obtainable from the same polymer, 
if the correct formation process is applied. 
This could lead to many exciting possibilities 
for drug delivery, or for making templates for 
objects such as nanowires. 

Of course, if Eisenberg and colleagues’ poly- 
mersome is to be useful in a biological setting, 
the vesicle’s size must be controllable under 
physiological conditions, and its membrane 
must allow through not only water molecules, 
but also biologically active compounds. The 
second issue is already being tackled by an 


increasing number of scientists, who have 
succeeded in making polymersomes that 
irreversibly trap enzymes, but which allow 
the enzyme’s substrates and products to 
pass through the vesicle membrane. The 
selective permeability originates from the 
clever design of the polymer molecules’, or 
from trapping protein channels in the vesicle’s 
membrane’. 

Eisenberg and colleagues’ work’ breathes 
new life into the branch of polymer science that 
studies the aggregation phenomena of appar- 
ently simple block copolymers. By combining 
lessons from polymer science with those from 
nature, nanometre-scale device manufactur- 
ing will be elevated to a higher level. a 
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STRUCTURAL BIOLOGY 


A channel with a twist 


Valeria Vasquez and Eduardo Perozo 


Mechanosensitive channels release tension in cell membranes by opening 
‘pressure relief’ pores. The structure of a partially open channel suggests a 
gating mechanism and delivers an unexpected architectural twist. 


In the constant struggle with their environ- 
ment, free-living cells have evolved a variety 
of mechanisms to deal with sudden variations 
in the physicochemical properties of their 
surroundings’. But few environmental chal- 
lenges require more assertive responses than 
a hypo-osmotic insult. Faced with a sud- 
den decrease in osmotic pressure, as might 
be caused by a spring downpour, free-living 
cells are subjected to a rapid influx of water. 
This sharply increases the pressure of the cell 
contents against the membrane, potentially 
compromising the integrity of the cell. 

Most prokaryotes (bacteria and archaea) 
have therefore evolved a ‘pressure-release 
valve’ mechanism in which changes in mem- 
brane tension open up channels to form large, 
aqueous pores in the membrane. Once formed, 
the short-lived pores allow the passage of both 
solute and solvent at very high rates, quickly 
equilibrating hypo-osmotic imbalances 
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across the cell wall Different variants of these 
mechanosensitive (MS) channels exist, each of 
which forms pores that have distinct conduct- 
ance and tension thresholds”. On page 120 of 
this issue, Rees and colleagues® provide evi- 
dence for the gating mechanism in the mech- 
anosensitive channel of large conductance of 
Staphylococcus aureus (SaMscL) by determin- 
ing the crystal structure of a truncated form of 
the channel. 

To solve the molecular mechanism of gating 
in prokaryotic MS channels, two crucial ques- 
tions must be addressed: how are membrane 
deformations sensed by the channel, and what 
is the mechanism by which the channel physi- 
cally opens its permeation pathway? Although 
we have some idea of the types of force at the 
membrane-channel interface that might trig- 
ger MS channel opening’, the principles under- 
lying tension sensing through the membrane 
remain largely unknown. We do, however, 
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50 YEARS AGO 
The Human Response to an 
Expanding Universe. By Harlow 
Shapley — [The author of this 
book] is a world-renowned 
figure in the fields of astronomy 
and cosmography... Dr. Shapley 
begins by attempting an obituary 
of the anthropocentric view that 
man is the centre of the cosmos, 
and continues by interpreting the 
consequences to man (or rather 
to certain aspects of rational 
thinking) of the latest scientific 
discoveries in the cosmos... 

Dr. Shapley’s displacement 
of human life from its once 
supreme position does not make 
him a pessimist, for he argues 
cogently that there must be at 
least a hundred million planets 
capable of supporting some form 
of life. Dr. Shapley concludes 
his book with what he calls “a 
Martian look” into the future. 
He dismisses the prospect of 
the Earth's collision with a star, 
or of wandering from its orbit 
and getting too near or too far 
away from the Sun. Nor does he 
envisage a biological calamity 
wiping out the whole human 
race. The real danger is man 
himself, who is busy perfecting 
the tools for performing an 
operation which is unlikely to be 
performed by natural forces. 
From Nature 5 September 1959 


100 YEARS AGO 

In February last Dr. N. Annandale 
obtained on the Orissa coast of 
India a number of small more or 
less nearly globular organisms in 
the tide-wash. When placed in 
water their shape changed from 
globular to conical, and indicated 
that they were evidently pelagic 
sea-anemones, although devoid 
of tentacles. The mouth is 
conspicuous, forming a relatively 
long, narrow slit expanded at 
one end, and the whole organism 
presents a milky appearance... 
As these actinians, which are 
apparently adult, although no 
gonads are visible, evidently 
indicate a new generic and 
specific type, Dr. Annandale has 
described them under the name 
Anactinia pelagica. 

From Nature 2 September 1909 


a TbMscL 


Closed 


A26 SaMscL 
(shown as a pentamer) 


EcoMscL 


Pre-expanded 


Figure 1 | Opening of the MscL channel. The MscL channel opens in cell membranes to release 
osmotic pressure in the cell. The crystal structure of the MscL from Mycobacterium tuberculosis* 
(TbMscL) revealed the closed state of the channel, whereas the open state was seen in the 
spectroscopically derived structure’ of EcoMscL (the MscL from Escherichia coli). Rees and 
colleagues® now report the crystal structure of an intermediate, ‘pre-expanded’ state of a truncated 
MscL from Staphylococcus aureus (A26 SaMscL). a, In these extracellular views looking down at the 
MscL structure, the movements of the helices that line the pore as the channel opens (or closes) are 
visible. The cross-section of the channel expands from left to right, but the pore remains closed in the 
pre-expanded state. The A26 SaMscL channel is actually a tetramer, but is shown here as a pentamer 
for comparison with the open and closed states. An individual monomer is highlighted in blue. b, 
Side views reveal that the helices lining the inside of the pore tilt towards the plane of the membrane 
as the channel moves from the closed to the pre-expanded state, and that the whole channel structure 
becomes flatter. The helices maintain this orientation as the cross-section of the channel expands to 


reach the open state. 


have a better handle on the conformational 
rearrangements in the channels that underlie 
their opening. 

MscL is nonselective for the ions and small 
molecules it transports and is activated at 
membrane tensions close to the breaking 
point of the membrane bilayer. It is thus usu- 
ally thought of as a bacterium’s last line of 
defence against hypo-osmotic shock. Over 
the past decade, genetic, structural and bio- 
physical data have provided a fairly detailed 
picture of the channel’s basic architecture® and 
functional behaviour’, and have defined the 
types of structural rearrangement that could 
support the formation of very large pores 
characteristic of MscL’*"’. Rees’s group pre- 
viously reported the MscL crystal structure 
from Mycobacterium tuberculosis* (TbMscL), 
which is generally agreed to represent the 
closed conformation of the channel. The new 
structure® looks like an intermediate confor- 
mation, somewhere between the open and 
closed states. 

It has been proposed’*”* that a domain of 
MscL known as the cytoplasmic bundle acts 
as a sieve that limits the passage of large mol- 
ecules through the pore. By removing the last 
26 amino-acid residues of this cytoplasmic 
domain from SaMscL, Rees and colleagues® 
were able to drive the (typically stable) closed 
conformation of the channel to an expanded, 
partially open state. This state is character- 
ized by a significant tilt of the TM1 helices — 
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transmembrane helices that line the pore of the 
channel — towards the plane of the membrane. 
The conformational change shortens the length 
of the water-permeation pathway and makes 
the whole channel flatter than it is in the closed 
state (Fig. 1). The authors also found that the 
activity of, and the current through, their trun- 
cated channels in functional measurements is 
greater than that of wild-type channels, sup- 
porting the idea that the structural changes 
observed in the crystal structure also occur in 
functional channels. 

Rees and colleagues’ crystal structure® pro- 
vides an explicit conformational pathway from 
the closed to the open state of SaMscL: the first 
physical transition generates a ‘pre-expanded’ 
state in which the cross-sectional area (A) of 
the channel is slightly larger than in the dosed 
state (Fig. 1). This is likely to be the most ten- 
sion-dependent state of the mechanism, as the 
probability that the channel will open should 
be proportional to —yAA, where y is the lateral 
tension in the membrane’. The pre-expanded 
state maintains a narrow pore, still flanked 
by the inner TM1 helices, and is therefore 
predicted to be non-conductive. The present 
structure’ is thus in excellent agreement with 
earlier models of the pre-expanded state”'?, 

Although Rees and colleagues’ structure 
does not have a pore wide enough to con- 
duct, the fact that the transmembrane helices 
are tilted away from the normal of the mem- 
brane, together with the expansion of the 
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cross-sectional area of the pore, clearly sug- 
gests that the observed conformation is an 
intermediate stage on its way to the open state. 
Indeed, the observed tilts of the helices match 
remarkably well with those predicted by spec- 
troscopic studies of channels trapped in the 
open state’. 

Perhaps the most surprising result of this 
work’ is that, defying all expectations, the 
channel is arranged as a tetramer, not a pen- 
tamer as observed for the crystal structure of 
TbMscL in a dosed state®. This is in contrast 
to the vast majority of oligomeric membrane 
proteins, each of which maintains the same 
oligomeric architecture across species and 
physiological states, at least for those studied 
so far. Still, controversy regarding the oligo- 
meric state of MscL is not new — it was origi- 
nally thought to be a hexamer, on the basis 
of biochemical experiments” and electron- 
crystallography data”®. It is, however, unlikely 
that the present result® will lend further 
support to the idea that MscL gating is the 
consequence of monomer aggregation in 
the plane of the bilayer (which could support 
variable oligomeric states). 

The observed tetrameric structure of trun- 
cated SaMscL raises several questions. Does 
the oligomeric state of MscL vary in different 
species? Does the channel reside in the mem- 
brane as different multimers? If so, does each 
multimer have different functional properties? 
And are particular multimers favoured by par- 
ticular physiological conditions? Regardless 
of the answers, the plasticity of this family of 
ion channels seems to be exceptional. More 


time and experimental insight will surely be 
needed to realize the full implications of this 
structure’. | 
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NITROGEN CYCLE 


Oceans apart 


Maren Voss and Joseph P. Montoya 


Reactive nitrogen is lost from the oceans as dinitrogen — N, — produced by 
microbial metabolism. The latest twist in an ongoing story is that different 
pathways dominate in two of the oceanic regions concerned. 


The availability of nitrogen limits biological 
production in much of the world ocean’; this 
in turn affects the strength of the ‘biologi- 
cal pump’ that converts carbon dioxide into 
organic matter that can sink and be seques- 
tered in the deep sea’. The main input to the 
marine nitrogen cycle comes from the fixation 
of nitrogen gas (N,) into biologically available 
forms. The main output is through biological 
processes that generate a return flux of N,. 
Both input and output remain poorly con- 
strained’, and there is a pressing need to define 
them better. 

On page 78 of this issue, Ward et al? describe 
how they have investigated the output side of 
the budget. They report on a comprehensive 
field study aimed at identifying the processes 


and organisms responsible for N, production 
in two of the major sites of nitrogen loss in the 
world ocean. The sites concerned are the oxy- 
gen minimum zones (OMZs) of the Arabian 
Sea and the Eastern Tropical South Pacific 
(ETSP). At these sites, microbial degradation 
of sinking organic matter obtained by primary 
production — mainly photosynthesis — in the 
surface ocean completely removes oxygen from 
large parts of the water column. The result- 
ing conditions favour metabolic pathways 
that convert nitrogen from its biologically 
reactive forms (for example, nitrate and 
ammonium) to N,. 

In one of the N,-conversion pathways, 
termed heterotrophic denitrification, nitrate 
acts as a erminal electron acceptor in miciobial 
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Figure 1| Principal features of the marine 
nitrogen cycle. 1, Anammox, involving the 
generation of N, from inorganic constituents 

by autotrophic microbes. 2, Nitrogen fixation. 

3, Nitrification. 4, Heterotrophic denitrification, 
in which N, is produced from NO, used in 
microbial respiration of organic substrates; 

this process also results in the production of 
NH,’ and CO, (not shown). 5, Dissimilatory 
nitrate reduction to anmonium (DNRA). 

NO, , nitrate; NO, , nitrite; N,O, nitrous oxide; 
NH,’, ammonium. The N,-output pathways, 
1and 4, were the subject of Ward and colleagues’ 
study’. 


respiration; this was long viewed as the main 
metabolic pathway for N, production in 
midwater OMZs. But the picture was com- 
plicated by the discovery that another route — 
anammox, a pathway that produces N, by 
coupling the reduction of nitrite to the oxida- 
tion of ammonium — has a important role in 
the oceanic nitrogen cycle*”. The autotrophic 
microbes in this pathway produce biomass 
from inorganic molecules by harvesting energy 
from the anammox reaction. Both pathways 
are shown in Figure 1, which summarizes the 
overall marine nitrogen cycle. 

Studies in the Black Sea’, the Benguela 
upwelling system® and the ETSP’ suggested 
that anammox may in fact be the dominant 
pathway removing reactive nitrogen from the 
ocean. If so, however, what supplies the nec- 
essary substrates? Heterotrophic denitrifica- 
tion can potentially do so — it can supply both 
nitrite, an intermediate in the denitrification 
pathway, and ammonium, a product of hetero- 
trophy, to support anammox*. Earlier this year, 
however, Lam et al.’ suggested a major revision 
of the nitrogen cycle in which a process called 
dissimilatory nitrate reduction to ammonium 
(DNRA) provides the necessary ammonium 
for anammox. In this revised cycle, hetero- 
trophic denitrification has a minor role and is 
no longer a significant source of N,. 

Part of the uncertainty surrounding hetero- 
trophic denitrification is due to the difficulty of 
measuring the rates of the processes involved. 
Even low levels of oxygen contamination sup- 
press the activity of denitrifying microbes, 
and the high concentration of N, in the water 
greatly reduces the sensitivity of experimental 
methods that are based on following the move- 
ment of the °N isotope tracer into the N, pool. 
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Figure 2 | Two oceans, two nitrogen cycles. Outlines of nitrogen cycling in the oxygen minimum 
zones of (a) the Arabian Sea and (b) the Eastern Tropical South Pacific (ETSP). Teardrops show 
typical profiles of concentration as a function of depth; PON, particulate organic nitrogen. 

Blue lines denote pathways related to the anammox-DNRA cycle; white lines are related to 
heterotrophic denitrification. 1, Anammox; 2, remineralization; 3, nitrate reduction; 4, heterotrophic 
denitrification; 5, DNRA. As Ward et al. show’, in the Arabian Sea denitrification is much more 
important than anammox in generating loss of nitrogen from the system as N,. In the ETSP, anammox 
is fuelled by ammonium from DNRA and is an important route to N,. 


Ward et al.’ have overcome these difficulties 
by carrying out a set of experiments designed 
to evaluate the relative prevalence of hetero- 
trophic denitrification and anammox. 

Their main result is that the DNRA-anam- 
mox nitrogen cycle does not have a major role 
in the Arabian Sea (Fig. 2a), the largest of the 
world’s three OMZs. Ward et al. show convinc- 
ingly that it is indeed heterotrophic denitrifi- 
cation that accounts for most of the nitrogen 
losses in this system. By contrast, they meas- 
ured much lower rates of denitrification in 
the ETSP (Fig. 2b), a finding consistent with 
the core argument of Lam and colleagues’. In 
both the Arabian Sea and the ETSP, however, 
the authors’ molecular data’ showed the pres- 
ence of heterotrophic denitrifiers in the water 
column at much higher abundances than the 
anammox organisms. This raises the obvious 
questions of why the strength of heterotrophic 
denitrification differs so much between the 
two OMZs, and which factors promote deni- 
trifier activity in the Arabian Sea and not in 
the ETSP. 

There is now strong evidence that hetero- 
trophic denitrification does have a central role 
in removing reactive nitrogen from the ocean. 
But we still lack a dear understanding of why 
it is so much more important in the Arabian 
Sea. Ward et al.’ suggest that a difference in the 
magnitude and timing of the supply of organic 
matter to the OMZ is the critical factor. Indeed, 
the Arabian Sea seems to be more productive 
on average’, and it is known to support large 
blooms of nitrogen-fixing organisms’ that intro- 
duce extra biomass into the surface waters. By 
contrast, production in the ETSP may be more 
episodic. During periods of increased delivery 


50 


of organic matter to the OMZ, processes in the 
ETSP may more closely resemble those in the 
Arabian Sea, a possibility that can be tested only 
through additional studies at sea. 

The workings of the oceanic nitrogen cycle 
may seem arcane, but understanding them is a 
necessary component in understanding both 
global marine productivity and dimate change. 
The two major pathways to N, — heterotrophic 
denitrification and anammox — each reduce 
the ocean's stock of reactive nitrogen, but with 


different collateral effects. Denitrification is a 
significant source of nitrous oxide (N,O)"®, a 
greenhouse gas, and its heterotrophic nature 
makes it a potential short-circuit in the bio- 
logical pump that transfers carbon from the 
atmosphere into the deep sea. By contrast, 
anammox produces no greenhouse gases, and 
is an autotrophic process that can potentially 
increase the efficiency of the biological pump 
by reducing the net production of CO, within 
the water column. Shifts in the productivity of 
the oceans due to rising temperatures and lev- 
els of CO, are likely to affect the distribution 
and extent of OMZs''. Knowing which nitro- 
gen-cycle processes are at work, and where, 
will be an essential aspect of gauging the likely 
response of the oceans to global-scale changes 
in temperature and CO,,. a 
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NEUROSCIENCE 


Persistent feedback 


Hyojung Seo and Daeyeol Lee 


How does the brain remember the consequences of our actions? Persistent 
activity in the prefrontal cortex and basal ganglia may be crucial for 
learning correct actions through experience. 


Do you jump out of bed when you hear the 
alarm clock ring in the morning? Or do you 
push the snoozer? Your choice will depend 
on the consequences of similar actions in 
the past. Typically, if an action triggered by a 
stimulus leads to a pleasant outcome, such as 
food or safety, we are more likely to perform 
the same action on re-encountering the same 
stimulus’. Therefore, a fundamental building 
block in shaping behaviour is the relationship 
between a sensory event, a chosen action and 
its consequences, but how the brain stores this 
information is still a matter of speculation. 
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A recent paper in Neuron by Histed et al.’ 
sheds some light on these mechanisms by 
showing that neurons in the primate prefron- 
tal cortex and basal ganglia display persist- 
ent activity that is related to the outcomes of 
previous actions. 

The task of forming an association between 
a particular sensory event, a behavioural 
response and the outcome of this response 
(Fig. 1) is not trivial, as a particular outcome 
might be preceded by multiple sensory stim- 
uli and responses. To discover which of these 
events are related, it is often necessary to 
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Stimulus 
(What you see) 


Action 
(Choose) 


Outcome 
(Reward) 


Figure 1 | Stimulus-action-outcome associations. Histed and colleagues’ study how the brain stores 
information about the relationship between a stimulus, an action and its outcome. Their work shows 
that learning the outcomes of specific actions might be facilitated by persistent neural activity in the 


prefrontal cortex and basal ganglia. 


experience the same sequence of sensory 
stimuli, actions and outcomes repeatedly. 
Moreover, the sensory and motor events that 
need to be remembered together are often 
transient, whereas the outcome of an action 
may be revealed only after a lng delay. There- 
fore, the information about various sensory 
and motor events must be stored temporarily 
before the long-lasting memory about their 
relationship can be formed. 

At least two mechanisms have been pro- 
posed to store such information in the brain. 
First, the relationship between two events, 
such as the tendency for separate sensory 
stimuli to occur together, might be reflected 
in the strength of synapses within a popula- 
tion of neurons**. Although the properties of 
such synaptic plasticity are becoming better 
characterized, how they encode behaviour- 
ally relevant information during the learn- 
ing of a specific task is poorly understood. 
In addition, this mechanism requires the 
activity of the pre-synaptic and post-synaptic 
neurons to overlap within a relatively narrow 
time window, and therefore might not be able 
to deal with a long delay between relevant 
events’. A second, alternative mechanism for 
storing information about the relationship 
between multiple events might be persistent 
neural activity, which is sustained beyond the 
duration of the initiating event”. 

The best-known example of persistent 
neural activity is the delay activity’ observed 
during the delay period of a working-memory 
task**. The activity of neurons in the primate 
prefrontal cortex often alters while the animal 
remembers the location or identity of a partic- 


ular stimulus in order to use this information 
for guiding subsequent behaviour. The results 
from more recent studies” !!, however, suggest 
that persistent activity might serve broader 
functions than working memory. For example, 
persistent activity is observed’ in the prefron- 
tal cortex, even when the animal is not per- 
forming a working-memory task. Also, during 
a dynamic decision-making task in which the 
animal has to discover an optimal behavioural 
strategy by trial and error, the activity of neu- 
rons in the prefrontal cortex and parietal 
cortex often changes according to the out- 
comes of the animal’s previous choices*"’. 
Histed and colleagues’ work’ shows that 
persistent neural activity might have an 
important role in learning the correct actions, 
even when the animal needs to repeatedly 
revise the associations between a sensory 
stimulus, an action and its outcome. In their 
study, monkeys learned which of two alterna- 
tive actions (looking to the left or to the right) 
was required to gain a reward after viewing 
a particular visual stimulus. Once the animal 
learned the rewarded or correct’ actions, the 
associations between stimuli and the correct 
actions were unpredictably reversed, requir- 
ing the animal to re-learn the relationship. The 
authors found that individual neurons in the 
prefrontal cortex and basal ganglia showed 
changes in activity depending on whether 
the action was correct or incorrect. And these 
neurons often displayed persistent activ- 
ity during the inter-trial interval, signalling 
whether the animal had performed correctly 
or not in the preceding trial. Histed et al. also 
found that the activity in the prefrontal cortex 
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and basal ganglia that is related to the animal's 
upcoming choice was enhanced, and the 
animal was more likely to choose the correct 
action when its choice in the previous trial was 
correct. 

Histed and colleagues’ results indicate that 
persistent neural activity might have more 
diverse roles in relating multiple events sepa- 
rated in time than previously thought. Studies 
have shown that some neurons in the prefron- 
tal cortex and basal ganglia carry information 
about previous actions®""°. Combined with 
the authors’ findings’, these data suggest that 
the prefrontal cortex and basal ganglia might 
be essential brain areas for storing informa- 
tion about action—outcome associations’ “*. 
However, how the signals related to an action 
and its outcome can be bound to a particular 
stimulus remains unknown. For example, in 
the task used by Histed et al., the animal had 
to learn the relationship between a particular 
stimulus and an action. But neurons in the pre- 
frontal cortex and basal ganglia predominantly 
encoded the outcome of the animal’s choice 
between trials rather than the corresponding 
stimulus or action. To build on these findings, 
more studies are needed to further character- 
ize the neural circuitry responsible for forming 
appropriate associations necessary for adaptive 
and flexible behaviours. a 
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Correction 

The News & Views article “Chemical physics: 
Electronic movies” by Marc Vrakking (Nature 
460, 960-961, 2009) stated at the end of 

the fifth paragraph that “A similar conclusion 
was recently reached in a study of harmonic 
generation from nitrogen molecules”, and 
incorrectly cited reference 8 of the article. This 
should have cited B. K. McFarland et al. Science 
322, 1232-1235 (2008). 
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Early-warning signals for critical transitions 


Marten Scheffer’, Jordi Bascompte’, William A. Brock®, Victor Brovkin’, Stephen R. Carpenter’, Vasilis Dakos’, 
Hermann Held®, Egbert H. van Nes’, Max Rietkerk’ & George Sugihara® 


Complex dynamical systems, ranging from ecosystems to financial markets and the climate, can have tipping points at which 
a sudden shift to a contrasting dynamical regime may occur. Although predicting such critical points before they are reached 
is extremely difficult, work in different scientific fields is now suggesting the existence of generic early-warning signals that 
may indicate for a wide class of systems if a critical threshold is approaching. 


t is becoming increasingly clear that many complex systems have 

critical thresholds—so-called tipping points—at which the system 

shifts abruptly from one state to another. In medicine, we have 

spontaneous systemic failures such as asthma attacks’ or epileptic 
seizures”; in global finance, there is concern about systemic market 
crashes*°; in the Earth system, abrupt shifts in ocean circulation or 
climate may occur’; and catastrophic shifts in rangelands, fish popula- 
tions or wildlife populations may threaten ecosystem services”*. 

Itis notably hard to predict such critical transitions, because the state 
of the system may show little change before the tipping point is 
reached. Also, models of complex systems are usually not accurate 
enough to predict reliably where critical thresholds may occur. 
Interestingly, though, it now appears that certain generic symptoms 
may occur ina wide class of systems as they approach a critical point. At 
first sight, it may seem surprising that disparate phenomena such as the 
collapse of an overharvested population and ancient climatic transi- 
tions could be indicated by similar signals. However, as we will explain 
here, the dynamics of systems near a critical point have generic prop- 
erties, regardless of differences in the details of each system’. Therefore, 
sharp transitions in a range of complex systems are in fact related. In 
models, critical thresholds for such transitions correspond to bifurca- 
tions'®. Particularly relevant are ‘catastrophic bifurcations’ (see Box 1 
for an example), where, once a threshold is exceeded, a positive feed- 
back propels the system through a phase of directional change towards 
a contrasting state. Another important class of bifurcations are those 
that mark the transition from a stable equilibrium to a cyclic or chaotic 
attractor. Fundamental shifts that occur in systems when they pass 
bifurcations are collectively referred to as critical transitions'’. 

We will first highlight the theoretical background of leading indica- 
tors that may occur in non-equilibrium dynamics before critical tran- 
sitions, and illustrate how such indicators can perform in model 
generated time-series. Subsequently, we will review emerging empirical 
work on different systems and discuss prospects and challenges. 


Theory 

Critical slowing down and its symptoms. The most important clues 
that have been suggested as indicators of whether a system is getting 
close to a critical threshold are related to a phenomenon known in 
dynamical systems theory as ‘critical slowing down’’’. Although critical 
slowing down occurs for a range of bifurcations, we will focus on the 
fold catastrophe (Box 1) as a starting point. Inappropriate use of this 
classical model caused some controversy in the past'’, but it is now 


considered to capture the essence of shifts at tipping points in a wide 
range of natural systems ranging from cell signalling pathways" to 
ecosystems””° and the climate®. At fold bifurcation points (F, and F), 
Box 1), the dominant eigenvalue characterizing the rates of change 
around the equilibrium becomes zero. This implies that as the system 
approaches such critical points, it becomes increasingly slow in re- 
covering from small perturbations (Fig. 1). It can be proven that this 
phenomenon will occur in any continuous model approaching a fold 
bifurcation’”. Moreover, analysis of various models shows that such 
slowing down typically starts far from the bifurcation point, and that 
recovery rates decrease smoothly to zero as the critical point is 
approached'’. Box 2 describes a simple example illustrating this. 

The most straightforward implication of critical slowing down is 
that the recovery rate after small experimental perturbation can be 
used as an indicator of how close a system is to a bifurcation point'®. 
Because it is the rate of change close to the equilibrium that matters, 
such perturbations may be very small, posing no risk of driving the 
system over the threshold. Also, models indicate that in spatially 
extensive systems at risk of systemic collapse, small-scale experi- 
mental probing may suffice to test the vicinity of the threshold for 
such a large-scale transition. For instance, it has been shown that 
recovery times after local perturbation increase in models of frag- 
mented populations approaching a threshold for global extinction". 

For most natural systems, it would be impractical or impossible to 
monitor them by systematically testing recovery rates. However, 
almost all real systems are permanently subject to natural perturba- 
tions. It can be shown that as a bifurcation is approached in such a 
system, certain characteristic changes in the pattern of fluctuations 
are expected to occur. One important prediction is that the slowing 
down should lead to an increase in autocorrelation in the resulting 
pattern of fluctuations’* (Fig. 1). This can be shown mathematically 
(Box 3), but it is also intuitively simple to understand. Because slow- 
ing down causes the intrinsic rates of change in the system to 
decrease, the state of the system at any given moment becomes more 
and more like its past state. The resulting increase in ‘memory’ of the 
system can be measured in a variety of ways from the frequency 
spectrum of the system'’”’. The simplest approach is to look at lag-1 
autocorrelation”’”’, which can be directly interpreted as slowness of 
recovery in such natural perturbation regimes'®’*. Analyses of simu- 
lation models exposed to stochastic forcing confirm that if the system 
is driven gradually closer to a catastrophic bifurcation, there is a 
marked increase in autocorrelation that builds up long before the 
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Box 1| Critical transitions in the fold catastrophe model 


The equilibrium state of a system can respond in different ways to 
changes in conditions such as exploitation pressure or temperature 
rise (Box 1 Figure a, b, c). If the equilibrium curve is folded backwards 
(Box 1 Figure c, d), three equilibria can exist for a given condition. The 
grey dotted arrows in the plots indicate the direction in which the 
system moves if it is not in equilibrium (that is, not on the curve). It can 
be seen from these arrows that all curves represent stable equilibria, 
except for the dashed middle section in Box 1 Figure c, d. If the system is 
driven slightly away from this part of the curve, it will move further 
away instead of returning. Hence, equilibria on this part of the curve are 
unstable and represent the border between the basins of attraction of 
the two alternative stable states on the upper and lower branches. If 
the system is very close to a fold bifurcation point (for example point F, 
or point F>), a tiny change in the condition may cause a large shift in the 
lower branch (Box 1 Figure c). Also, close to such a bifurcation a small 
perturbation can drive the system across the boundary between the 
attraction basins (Box 1 Figured). Thus, those bifurcation points are 
tipping points at which a tiny perturbation can produce a large 
transition. Small perturbations can also cause large changes in the 
absence of true bifurcations, provided that the system is very sensitive 
in acertain range of conditions (Box 1 Figure b). Finally, a shift in system 
state may simply be caused by a sudden large external force (Box 1 
Figure a). Early-warning signals tend to arise as systems approach a 
bifurcation point such as in Box 1 Figure, d, and also if systems 
approach a non-catastrophic threshold such as the one shown in Box 1 
Figure b. 
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critical transition occurs (Fig. 2d). This is true not only for simple 
models”, but also for highly elaborate and relatively realistic models 
of spatially complex systems”’. 

Increased variance in the pattern of fluctuations is another possible 
consequence of critical slowing down as a critical transition is 
approached™ (Fig. 1). Again, this can be formally shown” (Box 3), 
as well as intuitively understood: as the eigenvalue approaches zero, 
the impacts of shocks do not decay, and their accumulating effect 
increases the variance of the state variable. In principle, critical slow- 
ing down could reduce the ability of the system to track the fluctua- 
tions, and thereby produce an opposite effect on the variance**”’. 
However, analyses of models show that an increase in the variance 
usually arises and may be detected well before a critical transition 
occurs” (Fig. 2). 

In summary, the phenomenon of critical slowing down leads to 
three possible early-warning signals in the dynamics of a system 
approaching a bifurcation: slower recovery from perturbations, 
increased autocorrelation and increased variance. 

Skewness and flickering before transitions. In addition to autocor- 
relation and variance, the asymmetry of fluctuations may increase 
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Figure 1| Some characteristic changes in non-equilibrium dynamics as a 
system approaches a catastrophic bifurcation (such as F, or F2, Box 1). 

a, b, c, Far from the bifurcation point (a), resilience is large in two respects: 
the basin of attraction is large and the rate of recovery from perturbations is 
relatively high. If such a system is stochastically forced, the resulting 
dynamics are characterized by low correlation between the states at 
subsequent time intervals (b, c). d-f, When the system is closer to the 
transition point (d), resilience decreases in two senses: the basin of attraction 
shrinks and the rate of recovery from small perturbations is lower. As a 
consequence of this slowing down, the system has a longer memory for 
perturbations, and its dynamics in a stochastic environment are 
characterized by a larger s.d. and a stronger correlation between subsequent 
states (e, f). Plots produced from a stochastically forced differential 
equation’> representing a harvested population: 

dX/dt = X(1 — X/K) — c(X?/(X? + 1)), where X is population density, K is 
the carrying capacity (set to 10) and c is the maximum harvest rate (set to 1 
for high resilience and 2.6 for low resilience). 


before a catastrophic bifurcation”’. This does not result from critical 
slowing down. Instead, the explanation is that in catastrophic bifur- 
cations such as fold bifurcations (Box 1), an unstable equilibrium 
that marks the border of the basin of attraction approaches the 
attractor from one side (Box 1). In the vicinity of this unstable point, 
rates of change are lower (reflected in a less steep slope in the stability 
landscapes). As a result, the system will tend to stay in the vicinity of 
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Box 2 | Critical slowing down: an example 


To see why the rate of recovery rate after a small perturbation will be 
reduced, and will approach zero when a system moves towards a 
catastrophic bifurcation point, consider the following simple dynamical 
system, where y is a positive scaling factor and a and b are parameters: 
dx 
— =y(x—a)(x—b 1 
at y(x—a)(x—b) (1) 
It can easily be seen that this model has two equilibria, x; = a and 
X2 = b, of which one is stable and the other is unstable. If the value of 
parameter a equals that of b, the equilibria collide and exchange 
stability (in a transcritical bifurcation). Assuming that x is the stable 
equilibrium, we can now study what happens if the state of the 
equilibrium is perturbed slightly (x = x; + €): 
d(x; +6) 
dt 
Here f(x) is the right hand side of equation (1). Linearizing this equation 
using a first-order Taylor expansion yields 
d(x; +) 
dt 


=f(% +e) 


ra) 
f% +8)~f%)4 a 


& 
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which simplifies to 
de of 


f(%)4 ai f(%)4 ae = qa (2) 
With eigenvalues A, and A> in this case, we have 
of 
A= | =—y(b- 3 
7] Ox is y( a) ( ) 
and, for the other equilibrium 
fa) 
A2=—| =y(b- 4 
ae y(b—a) (4) 


If b>a then the first equilibrium has a negative eigenvalue, /;, and is 
thus stable (as the perturbation goes exponentially to zero; see 
equation (2)). It is easy to see from equations (3) and (4) that at the 
bifurcation (b = a) the recovery rates 4, and > are both zero and 
perturbations will not recover. Farther away from the bifurcation, the 
recovery rate in this model is linearly dependent on the size of the basin 
of attraction (b — a). For more realistic models, this is not necessarily 
true but the relation is still monotonic and is often nearly linear’. 


the unstable point relatively longer than it would on the opposite side 
of the stable equilibrium. The skewness of the distribution of states is 
expected to increase not only if the system approaches a catastrophic 
bifurcation, but also if the system is driven closer to the basin bound- 
ary by an increasing amplitude of perturbation”. 

Another phenomenon that can be seen in the vicinity of a cata- 
strophic bifurcation point is flickering. This happens if stochastic 
forcing is strong enough to move the system back and forth between 
the basins of attraction of two alternative attractors as the system 
enters the bistable region before the bifurcation”*”’. Such behaviour 
is also considered an early warning, because the system may shift 
permanently to the alternative state if the underlying slow change 
in conditions persists, moving it eventually to a situation with only 
one stable state. Flickering has been shown in models of lake eutro- 
phication™ and trophic cascades*’, for instance. Also, as discussed 
below, data suggest that certain climatic shifts and epileptic seizures 
may be presaged by flickering. Statistically, flickering can be observed 
in the frequency distribution of states as increased variance and 
skewness as well as bimodality (reflecting the two alternative 
regimes)”*. 

Indicators in cyclic and chaotic systems. The principles discussed so 
far apply to systems that may be stochastically forced but have an 
underlying attractor that corresponds to a stable point (for example 
the classic fold catastrophe illustrated in Box 1). Critical transitions in 
cyclic and chaotic systems are less well studied from the point of view 
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Box 3| The relation between critical slowing down, increased 


autocorrelation and increased variance 


Critical slowing down will tend to lead to an increase in the 
autocorrelation and variance of the fluctuations in a stochastically 
forced system approaching a bifurcation at a threshold value of a 
control parameter. The example described here illustrates why this is 
so. We assume that there is a repeated disturbance of the state 
variable after each period At (that is, additive noise). Between 
disturbances, the return to equilibrium is approximately exponential 
with a certain recovery speed, 2. In a simple autoregressive model this 
can be described as follows: 


Xn+1 —x=e(x, —X)+ o& 


At 
Yn41 =O Vn + En 


Here y,, is the deviation of the state variable x from the equilibrium, ¢, is 
a random number from a standard normal distribution and a is the 
standard deviation. 

If 2 and At are independent of y,, this model can also be written as a 
first-order autoregressive (AR(1)) process: 


Yn+1 =n + O€n 
The autocorrelation « = e*' is zero for white noise and close to one for 
red (autocorrelated) noise. The expectation of an AR(1) process 
Yn41=C+ On +%p is'® 


Cc 
E(¥n +1) =E(c) + HE(Yn) + (oe Jom C+ op + Op 


l-a 

For c = 0, the mean equals zero and the variance is found to be 
2 

o 


Var(¥n41) = E(y2)— we? = T= 02 


Close to the critical point, the return speed to equilibrium decreases, 
implying that A approaches zero and the autocorrelation « tends to one. 
Thus, the variance tends to infinity. These early-warning signals are the 
result of critical slowing down near the threshold value of the control 
parameter. 


Increasing harvest rate over time ———> 


Figure 2 | Early warning signals for a critical transition in a time series 
generated by a model of a harvested population” driven slowly across a 
bifurcation. a, Biomass time series. b, c, d, Analysis of the filtered time series 
(b) shows that the catastrophic transition is preceded by an increase both in 
the amplitude of fluctuation, expressed as s.d. (c), and in slowness, estimated 
as the lag-1 autoregression (AR(1)) coefficient (d), as predicted from theory. 
The grey band in a identifies the transition phase. The horizontal dashed 
arrow shows the width of the moving window used to compute the indicators 
shown in c and d, and the red line is the trend used for filtering (see ref. 22 for 
the methods used). The dashed curve and the points F, and F, represent the 
equilibrium curve and bifurcation points as in Box 1 Figure c, d. 

a.u., arbitrary units. 
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of early-warning signals. Such transitions are associated with differ- 
ent classes of bifurcation’. First, there are the bifurcations that mark 
the transitions between stable, cyclic and chaotic regimes. An 
example is the Hopf bifurcation, which marks the transition from a 
stable system to an oscillatory system*'. Like the fold bifurcation, this 
bifurcation is signalled by critical slowing down”: close to the 
bifurcation, perturbations lead to long transient oscillations before 
the system settles to the stable state. 

Another class of bifurcations are the non-local bifurcations’ that 

occur if intrinsic oscillations bring the system to the border of the basin 
of attraction of an alternative attractor. Such basin-boundary colli- 
sions” are not associated with particular properties of stable or 
unstable points that can be analytically defined. We know of no explicit 
work on early-warning signals for such transitions. Nonetheless, the 
dynamics may be expected to change in a characteristic way before 
basin-boundary collisions occur. For instance, oscillations may 
become ‘stretched’, as the system dwells longer in the vicinity of the 
basin boundary, where rates of change are slower™, implying increased 
autocorrelation. Finally, there is the phenomenon of phase locking 
between coupled oscillators. Again, alternative attractors are often 
involved*’ and the corresponding bifurcations are associated with 
critical slowing down”, suggesting the existence of early-warning 
signals. Indeed, rising variance and flickering occur before an epileptic 
seizure, a phenomenon associated to the phase locking of firing in 
neural cells (see below). 
Spatial patterns as early-warning signals. In addition to early-warning 
signals in time series, there are particular spatial patterns that can arise 
before a critical transition. Many systems can be seen as consisting of 
numerous coupled units each of which tends to take a state similar to 
that of the units to which it is connected. For instance, it is well known 
that financial markets affect each other. Also, the attitudes of individuals 
towards certain issues is affected by the attitudes of their peers*”**, and 
the persistence of species in habitat patches in a fragmented landscape 
depends on the presence of the same species in neighbouring patches 
from which recolonization can happen*”. In such systems, phase tran- 
sitions may occur®*' much as in ferromagnetic materials, where indi- 
vidual particles affect each others’ spin. As gradual change in an external 
forcing factor (for example a magnetic field) drives the system closer to a 
transition, the distribution of the states of the units in such systems may 
change in characteristic ways. For instance, scale-invariant distributions 
of patch sizes occur close to a systemic transition, and there is a general 
tendency towards increased spatial coherence, measured as increased 
cross-correlation (or in oscillating units, resonance) among units before 
a critical event”. 

Certain classes of spatial system deviate from this general pattern 
and can have other, more specific, indicators of imminent transitions. 
For instance, in systems governed by local disturbance (for example 
grazers foraging locally on vegetation patches), scale-invariant power- 
law structures that are found for a large parameter range vanish as a 
critical transition is approached”. In systems that have self-organized 
regular patterns”, critical transitions may be signalled by particular 
spatial configurations. For instance, models of desert vegetation show 
that as a critical transition to a barren state is neared, the vegetation 
becomes characterized by regular patterns because of a symmetry- 
breaking instability. These patterns change in a predictable way as 
the critical transition to the barren state is approached (Fig. 3), imply- 
ing that this may be interpreted as early-warning signal for a cata- 
strophic bifurcation”. 

In conclusion, when it comes to interpreting spatial patterns it is 
important to know which class of system is involved. Although broad 
classes have similar early-warning signals, there is no ‘one-size-fits- 
all spatial pattern announcing critical transitions. 


Precursors of transitions in real systems 


Most of the work on early-warning signals for critical transitions has 
so far been done using simple models, and empirical proof that critical 
slowing down occurs at bifurcations has been provided by controlled 
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Figure 3 | Ecosystems may undergo a predictable sequence of self- 
organized spatial patterns as they approach a critical transition. We show 
the modelled response of semi-arid vegetation to increasing dryness of the 
climate. Solid lines represent mean equilibrium densities of vegetation. The 
insets are maps of the pattern: the dark colour represents vegetation and the 
light colour represents empty soil. As the bifurcation point for a critical 
transition into a barren state is approached, the nature of pattern changes 
from maze-like to spots. Modified from ref. 44. Reprinted with permission 
from AAAS. 


experiments with lasers*? and neurons**. The question therefore 
remains of whether highly complex real systems such as the climate 
or ecosystems will show the theoretically expected early-warning 
signals. Results from elaborate and relatively realistic climate models 
including spatial dynamics and chaotic elements”’ suggest that some 
signals might be robust in the sense that they arise despite high com- 
plexity and noisiness. Nonetheless, it is clearly more challenging to 
pick up early-warning signals in complex natural systems than in 
models. We now review some emerging results on the climate and 
ecosystems. Also, we highlight empirical successes in finding early- 
warning signals of transitions in systems for which we have a relatively 
poor understanding of the mechanisms that drive the dynamics, such 
as the human brain and financial markets. 

Climate. Interest in the possibility of critical transitions in the Earth 
system has been sparked by records of past climate dynamics reveal- 
ing occasional sharp transitions from one regime to another*’. For 
instance, about 34 Myr ago the Earth changed suddenly from the 
tropical state in which it had been for many millions of years to a 
colder state in which Antarctica was glaciated, a shift known as the 
greenhouse-icehouse transition (Fig. 4). Also, glacial cycles tend 
to end with an abrupt warming””’. 

Uncertainty in reconstructing such dynamics remains considerable, 
and it is even more difficult to unveil the underlying mechanisms. 
Nonetheless, the sharpness of the shifts and the existence of positive 
feedbacks that, if strong enough, could cause self-propelling change 
have led to the suggestion that these and other examples of rapid 
climate change could be explained as critical transitions®*””’. 
Therefore, the reconstructed climate dynamics before such transitions 
are an obvious place to look for early-warning signals. In a recent 
analysis, a significant increase in autocorrelation was found in each 
of eight examples of abrupt climate change analysed” (Fig. 4). 

Another recent study suggests that flickering preceded the abrupt end 
of the Younger Dryas cold period™. Although the first part of this cold 
episode was quite stable, rapid alternations between a cold mode and a 
warm mode characterized the later part, and the episode eventually 
ending in a sharp shift to the relatively warm and stable conditions of 
the Holocene epoch”. After examination of longer timescales, it has 
been suggested that the increasing Pleistocene climate variability may be 
interpreted as a signal that the near geological future might bring a 
transition from glacial—interglacial oscillations to a stable state charac- 
terized by permanent mid-latitude Northern Hemisphere glaciation”®. 
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Figure 4 | Critical slowing down indicated by an increase in lag-1 
autocorrelation in climate dynamics. We show the period preceding the 
transition from a greenhouse state to an icehouse state on the Earth 34 Myr 
ago. The trends in the CaCO; concentration time series removed by filtering 
before computing autocorrelation (AR(1) coefficient) are represented by the 
grey line. The horizontal dashed arrow shows the width of the moving 
window used to compute the autocorrelation. Modified from ref. 22. 


Ecosystems. In ecology, critical transitions have become a major focus 
of research. The existence of alternative attractors has been demon- 
strated experimentally in lakes”, and a large body of work now suggests 
that alternative stable states separated by critical thresholds also occur 
in ecosystems ranging from rangelands to marine systems”**. Work on 
early-warning signals in this field is just emerging. As mentioned 
earlier, in dry regions self-organization can lead to particular spatial 
patterns under some conditions. Here the complete loss of vegetation is 
an important transition, as recovery from the barren state may require 
more rain than is needed to preserve the last patches. There is good 
evidence to support the idea that a regular pattern characterized by 
spots of vegetation signals the proximity of a threshold to such cata- 
strophic desertification™*. Other studies show how, in line with model 
predictions, vegetation-patch size distributions lose their scale-free 
structures and become characterized by truncated power laws as a 
transition to a barren state is approached”. 

Early-warning signals are also being found for destabilization of 

exploited fish stocks. It has been shown that harvesting tends to lead 
to increased fluctuations in fish populations”. This increase in vari- 
ance is most likely due to increased intrinsic growth rates in the 
resulting populations, as older age classes are preferentially harvested 
and the younger fish have higher overall intrinsic rates of change. 
Such higher growth rates lead to increased nonlinearity as they drive 
populations towards the critical transition from a stable to a cyclic or 
chaotic regime, as mentioned earlier. 
Asthma attacks and epileptic seizures. Abrupt transitions in physi- 
ology include epileptic seizures and asthma attacks. In the case of 
asthma, it has been shown that human lungs can display a self-organized 
pattern of bronchoconstriction that might be the prelude to dangerous 
respiratory failure, and which resembles the pattern formation in col- 
lapsing desert vegetation’. 

Epileptic seizures happen when neighbouring neural cells all start 
firing in synchrony. Predicting such seizures far in advance remains 
very difficult®'. However, before the seizure becomes noticeable 
several characteristic changes in neural activity can occur. For instance, 
minutes before an epileptic seizure, variance in the electrical signal 
recorded by electroencephalography may increase’ (Fig. 5). More 
subtle changes (reduced dimensionality of the signal) occur up to 
25 min before epileptic seizures, reflecting a continuous increase in 
the degree of synchronicity (and thus correlation) between neural 
cells®’. Also, hours before the seizure, mild energy bursts can occur 
in the brain followed by frequent symptomless seizures too small for 
the patients to notice’. This resembles patterns of flickering in which 
smaller transient excursions to the vicinity of an alternative state 
precede the upcoming major shift. 

Finance. The prediction of shifts in financial markets is a heavily 
researched area. In this field, the discovery of predictability quickly 
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Figure 5 | Subtle changes in brain activity before an epileptic seizure may 
be used as an early warning signal. The epileptic seizure clinically detected 
at time 0 is announced minutes earlier in an electroencephalography (EEG) 
time series by an increase in variance. Adapted by permission from 
Macmillan Publishers Ltd: Nature Medicine (ref. 3), copyright 2003. 


leads to its elimination, as profit can be made from it, thereby 
annihilating the pattern. As a result, although there is always some 
predictability that can be exploited by specialists, overall financial 
markets are notoriously difficult to predict®. Nonetheless, many 
papers in the financial literature show that market dynamics may 
contain information presaging major events °*. For instance, some 
events are preceded by measures of increased trade volatility (for 
example the spread between the value of put options and the value 
of call options®**’), but a ‘volatility calm’ before the abrupt change 
can also happen®®. A prominent volatility-based early-warning 
signal in financial markets is the VIX, or ‘fear’ index’””’!. There is also 
evidence of systematic relationships in variance and first-order auto- 
correlation”, although lead-lag relationships tend to be erratic. 
Finally, increased spatial coherence may be an early warning of major 
transitions. There is evidence that correlation increases across returns 
to different stocks in a falling market and patterns embodied in 
options prices may serve as a type of early-warning indicator”’. 


Outlook 


As our overview shows, similar early-warning signals can appear in 
widely different systems: flickering may occur before epileptic 
seizures, the end of a glacial period and in lakes before they shift to 
a turbid state; self-organized patterns can signal an imminent transi- 
tion in desert vegetation and in asthma; increased autocorrelation 
may indicate critical slowing down before all kinds of climatic transi- 
tions and in ecosystems; and increased variance of fluctuation may be 
a leading indicator ofan epileptic seizure or instability in an exploited 
fish stock. Some of these complex systems are better understood than 
others. However, turning the reasoning around, it could be argued 
that the generic character of some early-warning signals suggests that 
these transitions may be somehow related to bifurcations, where 
universal laws of dynamical systems govern the pattern. 

The theoretical basis of the work on early-warning signals in simple 
models is quite strong, and the first results from more elaborate models 
suggest that similar signals may arise in highly complex systems”. 
Nonetheless, more work is needed to find out how robust these signals 
are in situations in which spatial complexity, chaos and stochastic 
perturbations govern the dynamics. Also, detection of the patterns 
in real data is challenging and may lead to false positive results as well 
as false negatives. False negatives are situations in which a sudden 
transition occurred but no early-warning signals could be detected 
in the behaviour before the shift. This can happen for different reasons. 
One possibility is that the sudden shift in the system was not preceded 
by a gradual approach to a threshold. For instance, it may have 
remained at the same distance from the bifurcation point, but been 
driven to another stable state by a rare extreme event. Also, a shift that 
is simply due to a fast and permanent change of external conditions 
(Box 1 Figurea) cannot be detected from early-warning signals. A 
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second class of false negatives may arise from the statistical difficulty of 
picking up the early-warning signal. For instance, the detection of 
increased autocorrelation may require long time series”. A third 
difficulty arises if the external regime of perturbations changes over 
time. This may distort or counteract the expected signals. False posi- 
tives occur if a supposed early-warning signal is not the result of 
approaching a bifurcation. This may happen by chance or may result 
from a confounding trend within the system or in the external regime 
of perturbations. 

Importantly, most of the indicators we have identified signal a 
wide class of impending transitions in complex systems. The same 
signals may even occur, albeit in a less pronounced way, as the system 
approaches a threshold that is not related to catastrophic bifurcations 
(Box 1 Figure b)’’. This has been shown for critical slowing down", 
and may also be true for autocorrelation and variance. Nonetheless, 
such non-catastrophic thresholds are related to the more spectacular 
catastrophic ones (Box 1), and systems may in fact move from one 
type of threshold to another. In conclusion, most early-warning 
signals are indicators of proximity to a broad class of thresholds, 
where small forces can cause major changes in the state of a complex 
system. 

The idea that critical transitions across a range of systems may be 
related in the sense that they can be described by similar equations, 
implying similar possible bifurcations and early-warning signals, 
implies an exciting opportunity for connecting work across disciplines. 
However, there are many challenges to be overcome. For instance, 
filtering techniques for time series’”* are necessary to increase the sensi- 
tivity of indicators while preventing false positives’, but results depend 
on parameter choices in filtering”””’. Therefore, it would be useful to 
builda set of reliable statistical procedures to test whether an increase in 
autocorrelation, for example, is significant. We note also that most of 
the signals we have discussed should still be interpreted in a relative 
sense. For instance, although autocorrelation is predicted to approach 
unity at a fold bifurcation, measurement noise will tend to reduce 
correlations. Also, perturbations will often trigger a transition well 
before a bifurcation point is reached. Thus, although a trend in the 
indicators may serve as a warning, the actual moment of a transition 
remains difficult to predict. A key issue when it comes to practical 
application is the question of whether a signal can be detected suffi- 
ciently early for action to be taken to prevent a transition or to prepare 
for one”. Understanding spatial early-warning signals better might be 
particularly useful in this respect, as a spatial pattern contains much 
more information than does a single point in a time series, in principle 
allowing shorter lead times”*. 

In any case, generic early-warning signals will remain only one of 
the tools we have for predicting critical transitions. In systems in 
which we can observe transitions repeatedly, such as lakes, range- 
lands or fields such as physiology, we may empirically discover where 
the thresholds are. Nonetheless, some extremely important systems, 
such as the climate or ocean circulation, are singular and afford us 
limited opportunity to learn by studying many similar transitions. 
Also, we are far from being able to develop accurate models to predict 
thresholds in most complex systems, ranging from cells to organisms, 
ecosystems or the climate. We simply do not understand all the 
relevant mechanisms and feedbacks sufficiently well in most cases. 
The generic character of the early-warning signals we have discussed 
here is reason for optimism, as they occur largely independently of 
the precise mechanism involved. Thus, if we have reasons to suspect 
the possibility of a critical transition, early-warning signals may be a 
significant step forwards when it comes to judging whether the prob- 
ability of such an event is increasing. 
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BRIEF COMMUNICATIONS ARISING 


Scaling of BMP gradients in Xenopus embryos 


Arising from: D. Ben-Zvi et al. Nature 453, 1205-1211 (2008) 


Metazoan organisms can ‘scale’, that is, maintain similar proportions 
regardless of size. Ben-Zvi et al.' use experiments in Xenopus to support 
a quantitative model that explains morphological scaling as the result 
of scaling of a gradient of bone morphogenetic protein (BMP) signals. 
We believe that the evidence for scaling in Xenopus is misinterpreted, 
and that their model for embryonic patterning disagrees with prior 
data. The experiments they present supporting their model admit 
alternative interpretations. 

The authors’ model (box 1 of ref. 1) is built around the (BMP inhibi- 
tor) Chordin-facilitated transport of two members of the BMP family of 
ligands, BMP (BMP2/4/7), the total amount of which is preserved, and 
ADMP, which is produced only in the dorsal organizer but concentrates 
ventrally and scales along the dorsal-ventral axis at blastula stage. 

The paper is based on the assumption that dorsal embryonic halves 
produce well-proportioned (scaled) tadpoles, which is in contrast to 
existing data. Kageura et al.* show that removing ventral cells from the 
eight-cell blastula (series 15, 17) results in normal heads attached to a 
small body. This is in accordance with standard fate maps that assign 
most of what is conventionally called ventral in the blastula to posterior 
tissue in the tadpole’. It is right—left half-embryos that will reproduce 
correctly proportioned half-size tadpoles’. The quoted paper by Cooke* 
examined only mesoderm patterning in transverse sections of tailbud 
embryos. Therefore, dorsal half-embryos do not scale in the sense defined 
by the authors. We henceforth focus on molecular evidence contradict- 
ing the presented theory construed as a model for embryonic patterning. 

In the frog a twofold change in morphogen levels can elicit differ- 
ent cell fates’. Because ligands cannot be directly measured, nuclear 
Smad1/5/8 transcription factor is the best measure for total BMP 
signalling®. Experiments in frog’ and fish* show at most a fourfold 
variation versus the 10” to 10* range required for scaling in the model. 

The model requires that total BMP activity derives predominantly 
from ADMP, yet BMP depletion (figure 2H in ref. 9) has a stronger 
phenotype than ADMP-depletion (figure 2H in ref. 10), resulting in 
embryos with disproportionately large heads*” similar to dorsal 
half-embryos (figure 3C in ref. 10). BMP4 injection significantly 
ventralizes the embryo (figure 1H in ref. 9), yet the model does not 
constrain the total amount of BMP or its initial location, because 
‘shuttling’ actively concentrates it on the ventral side. 


Chordin — 
ADMP— 

BMP— 
Sizzled——. 


Concentration 


Ventral Dorsal 


Figure 1| Morphogen profiles after axes duplication (dashed lines) 
compared with the wild-type embryo (solid lines) from a reaction diffusion 
model”. The gene network is adapted from figure 3L in ref. 10 and involves 
self-sustained ventral and dorsal centres. The concentration of the ventral 
BMP marker in the lateral region between the duplicated axes is clearly 
reproduced. (The inhibitors, ADMP and Sizzled, diffuse rapidly, the other 
species slowly. Activation and repression are modelled as Hill functions and 
summarize more complex biochemistry. The equations and parameters that 
were solved to produce Fig. 1 are available from the authors. 


Experiments in figure 3 of ref. 1 were performed to demonstrate 
Chordin-dependent shuttling. BMP4 is used instead of ADMP, and 
the protein distribution is shown in mid-late gastrula, although 
BMP must act before early gastrulation to affect dorsal—ventral 
patterning significantly''. Labelled BMP4 is localized in endoderm 
and not ventral mesoderm as in the schematic of figure 3a of ref. 1. 
Other explanations for the localization of injected BMP4, such as secre- 
tion into the blastocoel cavity and ectopic uptake'’, need to be 
addressed. The Chordin-depleted embryos used as controls still show 
movement of injected BMP4, and the phenotype undercuts the larger 
message given that such embryos have well-defined axes'’. The complete 
model that addresses these questions (supplementary information 6a—h 
of ref. 1) contains over 30 free constants to explain essentially qualitative 
data; a number so large as to render the predictions questionable. 

Axis duplication experiments (figure 4 of ref. 1) are taken as 
evidence for shuttling: the authors assert that the (well-known) 
expression of ventral markers between the two axes is evidence for 
their mode of transport. However, there must be a maximum in BMP 
signalling between the two axes because it is suppressed in each. 
Reaction diffusion models'*'’® show that ordinary diffusion, as 
opposed to facilitated diffusion through shuttling, can generate pat- 
terns consistent with the qualitative data presented (our Fig. 1). 

In summary, we feel it is incorrect to appeal to qualitative data 
beyond the onset of gastrulation to support a model for blastula 
patterning, because other layers of regulation may intervene. 
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Reply to Francois et al. 


Replying to: P. Francois et al. Nature 461, doi:10.1038/nature08305 (2009) 


Francois et al.', commenting on our paper’, argue that (1) scaling 
does not occur, (2) our model is inconsistent with existing experi- 
ments, and (3) our experiments are not conclusive. We disagree. 

The ability of amphibian embryos to scale pattern with size is 
evident from the large variability in egg size, and is a pre-assumption 
of our study. In his 1938 monograph, H. Spemann reports his manip- 
ulation of newt embryos: “...when the two halves are completely 
separated, the dorsal half develops into a small embryo of normal 
proportions”® (Fig. 1a). This experiment is cited in standard text- 
books* and reproduced in laboratories’ and teaching courses. Clearly, 
not all half-embryos develop normally, but this is not surprising 
given the likelihood of secondary damage. The key point is that 
surviving embryos maintain mesodermal ventral tissues (for 
example, blood and heart), expected to be lost in the absence of 
scaling. 

The possibility that scaling results from over-growth was ruled out 
by J. Cooke, who demonstrated that proportionate assignment of 
trunk mesodermal cells to tissues is maintained in embryos in which 
as much as ~70% of the cells are removed®. The tissues examined 
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Figure 1| Scaling pattern with size. a, A newt dorsal half-embryo (a, left) 
develops into a small embryo of normal proportions, in contrast to the 
ventral half (b, right). (Panel a is from ref. 3.) b, The BMP activation profile 
predicted by our model for wild-type (black line) and half-sized (grey line) 
embryos. L is the length of the dorsal-ventral axis and T,, T, and T; are 
arbitrary thresholds differing by less than tenfold. c, Numerical simulation 
of profiles in a wild-type embryo (black line), embryo depleted of Admp by 
admp morpholino (MO) (blue line) or depleted of Bmp2/4/7 (green line). 
d, Numerical simulation of profiles in wild-type (black line) and half-sized 
(grey line) embryos, and of an embryo depleted of Chordin (dashed black 
line, chordin morpholino). The same parameters were used in all figures 
(contact the authors for further information on parameters). 


depend on bone morphogenetic protein (BMP) and thus provide 
readout of the early gradient. 

Scaling in our model’ is robust to the parameter choice, but the 
range of the gradient depends on parameters. We do not attempt to 
predict the in vivo parameters. The ~100-fold concentration differ- 
ence shown (Fig. 1b) is comparable with the estimated range of the 
Dpp gradient in the significantly smaller Drosophila wing imaginal 
disc’. Quantitative measures of the pSmad1 profile in the opaque 
Xenopus embryo are still limited (see ref. 8 for example). 

Our model is consistent with existing experiments. The severe 
phenotype of Bmp2/4/7 depletion (Fig. 1c) reflects the positive feed- 
back on bmp4 expression, which increases ventral Bmp4 levels. 
Similarly, the remaining polarity of Chordin-depleted embryos 
(Fig. 1d) is explained by the additional BMP inhibitors (for example, 
Noggin), which are structurally different from Chordin, and are not 
likely to be cleaved by Xlr or to mediate shuttling. Both properties 
were included in our original simulations and do not alter the robust- 
ness of the scaling mechanism. 

Our model is robust to ligand production rate, but we do not expect 
this robustness to hold for arbitrarily high levels which can override 
available Chordin. Importantly, our conclusion that dorsally pro- 
duced Admp accumulates ventrally was in fact tested: Bmp2/4/7- 
depleted embryos retain dorsal-ventral polarity’ and this polarity is 
abolished only when Admp is also depleted’. 

Francois et al.' are concerned that separation of Bmp4-Myc from 
its site of injection may be due to ligand secretion into the blastocoel, 
and non-uniform uptake by ventral cells. However, separation was 
abolished when Chordin was depleted, with no apparent reason to 
assume that such secretion and uptake requires Chordin. 

The novel point of our secondary-axis experiment is the removal 
of Admp from the secondary organizer. This eliminates an auxiliary 
source of a BMP ligand, which could contribute to the increase of 
BMP in mid-embryo. Francois et al. imply that a BMP profile that 
peaks in the centre of the embryo to a level similar to the normal 
‘lateral’ level is sufficient to obtain sizzled expression. Clearly, this is 
not the case, because sizzled expression requires high BMP levels 
normally found in ventral positions. 

Our model refers to the gastrulation stage, when BMP functions in 
dorsal—ventral patterning, and not the pre-gastrula stage, when BMP 
represses the organizer'®. Francois et al. suggest that patterning can be 
explained by a different reaction—diffusion model. Their underlying 
assumptions'', however, do not reflect the known network topology”, 
and the resulting profiles are inconsistent with the system properties. 
Hence, we do not find their model to be a valid alternative. 
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Structures of the tRNA export factor in the 
nuclear and cytosolic states 


Atlanta G. Cook’, Noemi Fukuhara’t, Martin Jinek*+ & Elena Conti’? 


Transfer RNAs are among the most ubiquitous molecules in cells, central to decoding information from messenger RNAs on 
translating ribosomes. In eukaryotic cells, tRNAs are actively transported from their site of synthesis in the nucleus to their 
site of function in the cytosol. This is mediated by a dedicated nucleo-cytoplasmic transport factor of the karyopherin-f 
family (Xpot, also known as Los1 in Saccharomyces cerevisiae). Here we report the 3.2 A resolution structure of 
Schizosaccharomyces pombe Xpot in complex with tRNA and RanGTP, and the 3.1 Astructure of unbound Xpot, revealing both 
nuclear and cytosolic snapshots of this transport factor. Xpot undergoes a large conformational change on binding cargo, 
wrapping around the tRNA and, in particular, binding to the tRNA 5’ and 3’ ends. The binding mode explains how Xpot can 
recognize all mature tRNAs in the cell and yet distinguish them from those that have not been properly processed, thus 


coupling tRNA export to quality control. 


During interphase, tRNAs relocate from the sites of transcription in the 
nucleus to the sites of translation in the cytosol’. There they decode 
the genetic information in mRNAs by transferring cognate amino acids 
on translating ribosomes. tRNAs are exported out of the nucleus 
through the nuclear pore complexes (NPCs), large assemblies that 
puncture the nuclear envelope*>. Although tRNAs are smaller than 
40 kDa—the cutoff size for passive diffusion through the NPC—a 
transport receptor is required for the tRNA to overcome the permeabi- 
lity barrier and hydrophobic meshwork of the NPC°®. The main nucleo- 
cytoplasmic transport factor for tRNAs was identified ten years ago as 
the protein exportin-t (Xpot) in vertebrates and its orthologue Los1 in 
yeast”. 

Xpot is a member of the karyopherin-f family and is regulated by 
the small GTPase Ran'®"'. Ran has two functional states: the GTP- 
bound form (RanGTP) that is present at high concentrations in the 
nucleus, and the GDP-bound form that predominates in the cyto- 
plasm. Xpot binds to tRNA in the presence of RanGTP in the nucleus. 
After NPC translocation, the ternary cargo-bound complex is dis- 
assembled at the cytoplasmic side of the nuclear envelope by the 
hydrolysis of Ran-bound GTP. In vertebrates, tRNA export can also 
be mediated by exportin-5, the export factor for pre-microRNAs”. 
However, although exportin-5 can transport both pre-microRNAs 
and tRNAs, Xpot is exclusively dedicated to tRNAs”. 

tRNAs fold into an L-shaped tertiary structure'*’’. One arm features 
the terminal acceptor stem that contains the amino-acid attachment 
site (acceptor arm), whereas the other arm contains the anticodon loop 
that base pairs to the corresponding codon in the mRNA (anticodon 
arm). The two arms are joined by the D, TC and variable loops that 
form the ‘corner’ or ‘elbow’ of the L-shaped molecule. This mature, 
functional form of tRNA ranges between 75 and 95 nucleotides in 
length and is the product of several processing reactions on the primary 
transcript. Pre-tRNA precursors are transcribed with extensions at the 
5’ and 3’ ends that are cleaved by specific RNases'®'’. The processed 5' 
end terminates with a monophosphoryl group, whereas the 3’ end 
terminates with a single base overhang, to which the moiety for 
amino-acid attachment (the terminal CCA motif) is subsequently 


added’*. Several families of pre-tRNAs contain an intervening sequence 
in the anticodon arm that is spliced out, usually before the maturation 
of the termini’. Finally, bases can be modified, for example, by methy- 
lation or by conversion of uridine to pseudouridine*™”’. 

Xpot is able to recognize all mature cellular tRNAs, provided that 
they are properly folded. Mutations that disrupt the tRNA tertiary 
structure impede transport, suggesting that Xpot recognizes a struc- 
tural motif in the nucleic acid cargo’”**”*. RNA protection assays have 
mapped the binding region to the tRNA acceptor arm and the TYC 
loop, but, in contrast to aminoacyl tRNA synthetases, an acceptor- 
TYC minihelix is not sufficient for Xpot binding”. In addition, 
mature 3’ and 5’ ends are a prerequisite for efficient tRNA export, 
and splicing or base modifications seem not to be essential®*'”*. In this 
work, we address the structural basis by which the nuclear export 
factor Xpot is able to distinguish between unprocessed pre-tRNAs 
and mature tRNA. 


Structure determination 


We determined the crystal structures of Xpot in its nuclear export 
complex with RanGTP and tRNA and in the unbound form corres- 
ponding to the cytosolic state. We obtained diffracting crystals using 
Xpot from fission yeast, which shares about 24% sequence identity 
with the human and S. cerevisiae orthologues (Supplementary Fig. 1). 
The structure of unbound Xpot was solved by multiple isomorphous 
replacement with anomalous signal (MIRAS) using crystals deriva- 
tized with gold, mercury and selenomethionine. The final model has 
been refined against a native data set at 3.1 A resolution to an Réree OF 
31.3% and Ryo, Of 27.3%, and includes 911 amino-acid residues out 
of 978. A summary of data and refinement statistics can be found in 
Supplementary Table 1. Although the electron density of unbound 
Xpot was well-defined for the N-terminal two-thirds of the molecule, 
most of the side chains in the carboxy-terminal third could not be 
modelled. The sequence was assigned using the positions of the 
selenium atoms and was later verified with the model of Xpot in 
the tRNA—RanGTP complex, in which the C terminus of the mole- 
cule is better ordered. 


'Structural Cell Biology, MPI for Biochemistry, Am Klopferspitz 18, 82152 Martinsried, Germany. 7EMBL, Meyerhofstrasse 1, Heidelberg D69117, Germany. +Present addresses: Division 
of Cell and Molecular Biology, Biophysics section, Blackett Laboratory, Imperial College London, London SW7 2AZ, UK (N.F.); Department of Molecular Cell Biology, University of 


California at Berkeley, 731 Stanley Hall, Berkeley, California 94720, USA (M.J.). 
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S. pombe Xpot was crystallized in complex with the minimal bind- 
ing portions of RanGTP and Phe-tRNA from budding yeast. Ran was 
truncated to contain residues 8-179, excluding the C-terminal region 
(residues 180-219) that is disordered or absent in the crystal struc- 
tures of other karyopherin-B—-RanGTP complexes*”’. In addition, 
the Gln71Leu mutation was introduced to limit GTP hydrolysis”. 
Yeast Phe-tRNA was engineered on the basis of biochemical experi- 
ments that showed that the tRNA anticodon arm is accessible to 
RNases in the ternary export complex and is therefore likely to be 
exposed”. A truncated version of Phe-tRNA was transcribed in 
which most of the anticodon arm had been deleted and replaced with 
a UUCG tetraloop” (Supplementary Fig. 2). Crystals of this ternary 
complex diffracted to 3.2 A resolution and contained two complexes 
per asymmetric unit. The structure was solved by molecular replace- 
ment using the coordinates of Ran (Protein Data Bank (PDB) acces- 
sion LIBR (ref. 30), tRNA PDB accession 1EVV (ref. 14)) and 
fragments of unbound Xpot. The structure has been refined to an 
Réree Of 29.4% and Ryo of 24.1%. The final model contains 941 
residues of Xpot and is missing a few disordered loops. The two 
copies of Xpot in the asymmetric unit have a root mean square 
deviation (r.m.s.d.) of 0.67 A over the Co atoms from residues 2 to 
896. The last four helices of the structure are less well-defined and 
show a relative shift between the two copies in the asymmetric unit 
(r.m.s.d. over all Xpot Ca atoms is 1.02 A). Data collection and 
refinement statistics can be found in Supplementary Table 2. The 
quality of the electron density is shown in Supplementary Fig. 3 for 
regions discussed in the text and the B-factor distributions are shown 
in Supplementary Fig. 4. 


RanGTP interactions with Xpot 


The overall structure of Xpot forms a large superhelix that contains 
19 tandem HEAT repeats (Fig. 1 and Supplementary Fig. 5). HEAT 
repeats are ~40 amino-acid motifs that typically fold into two o- 
helices, A and B. The repeats pack against each other, generally with a 
~15° clockwise rotation between successive repeats*'. This leads to a 
relatively regular superhelical structure with the A helices forming the 
outer convex surface and the B helices forming the inner concave 
surface. The structure can be considered to be composed of two 
‘arches’, an amino-terminal arch comprising HEAT repeats 1-9 
(residues 1-427) and a C-terminal arch defined from HEAT repeat 
10 to the C terminus. The regularity of the Xpot superhelix is inter- 
rupted by a kink between HEATs 9 and 10 and another between 
HEATs 13 and 14, where the rotation is anticlockwise. The last three 
helices of the structure do not form a HEAT motif but instead zigzag 
across the face of HEAT 19, capping the superhelix (Supplementary 
Fig. 5). Xpot contains several long insertions, either in loops between 
successive HEAT repeats (inter-repeat) or between the A and B 
helices of the same repeat (intra-repeat). In particular, a loop is 


; TywC arm 


Variable loop 


Anticodon arm tRNA 


ARTICLES 


inserted between HEATs 4 and 5 that contains an extra helix, a long 
loop is present within HEAT 9, and a third insert is placed between 
HEATs 10 and 11 (Supplementary Fig. 5). Finally, HEAT 13 contains 
a large intra-repeat insertion whereby the A helix ends in an extended 
strand that packs against the elongated B helix. 

Both RanGTP and tRNA engage in extensive interactions with Xpot 
as well as with each other, burying a total surface of 2,640 A” on Xpot 
and an average of 355 A* between Ran and tRNA (Fig. 1). RanGTP 
interacts primarily with the N-terminal arch of Xpot, similar to what 
has been observed with other karyopherins*”. In particular, HEATs 
1 to 4 interact with the switch I] region of Ran (residues 68 to 81) (Fig. 2 
and Supplementary Fig. 6). A second interaction involves the large 
intra-repeat loop of HEAT 9, which contains several aspartate and 
glutamate residues that interact with Lys 161, Tyr 149 and Asn 158 of 
Ran (Fig. 2). This insertion has a similar role in binding RanGTP as the 
‘acidic loop’ found in the structures of importin B and transportin, 
although in these cases the acidic insertion is found at HEAT 8 (refs 24, 
25, 30 and 32). The C-terminal arch of Xpot interacts with Ran at the 
extended intra-repeat loop of HEAT 13 and at the intra-repeat loop of 
HEAT 17, which contacts the switch I region (Fig. 2). Other exportins 
also contact the switch I region of Ran by the C-terminal arch, in the 
case of Csel by an extended intra-repeat loop of HEAT 19 (ref. 26) and 
in the case of Crm] by an extensive interaction interface formed by the 
intra-repeat loops of HEATs 17 to 19 (ref. 27). Although the inter- 
actions of RanGTP with the C-terminal arch of Xpot are different to 
those observed with other exportins, the overall recognition mech- 
anism is similar in that Xpot interacts with both the switchI and 
switch II regions of RanGTP and directly probes the nucleotide- 
bound state of Ran. 


Recognition of tRNA by Xpot 


Xpot wraps around tRNA with contacts distributed around the 
acceptor arm, T'YC loop and D loop (Figs 1 and 3a). The truncated 
anticodon arm extends into solvent and makes no contacts with the 
protein. Indeed, we observed only partial electron density for the 
tetraloop at the tip of the tRNA anticodon arm, which has therefore 
not been modelled. The acceptor arm binds at an extended, positively 
charged surface of Xpot formed by the B helices from HEATs 8 to 18 
(Supplementary Fig. 5 and Fig. 3b). Most of the positively charged 
residues lining this surface are evolutionarily conserved (Fig. 3c), in 
particular at the B helix of HEAT 12 (Supplementary Fig. 1). Indeed, 
mutations of the equivalent HEAT 12B residues in human XPOT 
were reported to cause a loss of tRNA binding in vitro’. tRNA also 
contacts Ran. The basic surface patch of Ran (consisting of residues 
Lys 129, Arg 131, Lys 134, Lys 136, Lys 97, Lys 101 and Lys 143) inter- 
acts with the backbone phosphates of tRNA at nucleotides 2—4 and 
63-65 (for clarity, standard numbering of yeast Phe-tRNA has been 
used**; Supplementary Fig. 2). 


Figure 1| Structure of the Xpot-RanGTP-tRNA 
complex. View of the complex as ribbon (left) 
and surface (right) representations. Xpot is 
shown with a colour gradient from grey (N 
terminus) to orange (C terminus). RanGTP is in 
blue. tRNA is shown in magenta on the right, and 
on the left the different regions are colour-coded 
and indicated accordingly. The anticodon arm 
projects into solvent and is only partially visible. 
Pictures were generated with PyYMOL (Delano 
Scientific). 
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In the complex, tRNA positions the 5’ and 3’ ends of the acceptor 
stem across the N-terminal arch of Xpot, whereas the ‘corner’ of the 
L-shaped structure is placed in the tightly curved surface of the Xpot 
C-terminal arch (HEATs 10 to 19) (Fig. 3a). Here, His 766 and 
Gln 763 of Xpot pack against the bases of G19 and C56, which link 
the D and T'YC loops. Disruption of this base pair prevents nuclear 
export, probably by compromising the proper folding of the tRNA 
‘corner’*”*, The 5’ end of tRNA is buried between a part of the 
N-terminal arch of Xpot (HEATs 6 to 8) and the basic patch of 
Ran (Fig. 4a). Specificity in the recognition of the 5’ end seems not 
to rely on direct contacts with either Xpot or Ran, but rather on steric 
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Figure 2 | The binding of RanGTP to Xpot. The 
ternary export complex is viewed with a 180° 
clockwise rotation around the vertical axis 
relative to the view in Fig. 1. On the left, Xpot is 
shown as a surface representation coloured from 
grey (N terminus) to orange (C terminus), 
whereas Ran (at the front) and tRNA (at the back) 
are shown in a ribbon representation in blue and 
magenta. The portions of Xpot that interact with 
Ran are highlighted in green. On the right, a 
magnified view shows the interactions between 
the Xpot HEAT repeats and Ran. GTP is shown in 
ball-and-stick representation (black). 


constraints, as the geometry of the binding pocket for the 5’ end is 
incompatible with the presence of a 5’ extension. 

The CCA sequence at the 3’ end of tRNA (nucleotides 74-76) lies 
in a groove created by the inter-repeat sequences between HEATs 4 
and 7 (Fig. 4b). Three highly conserved residues of Xpot (Lys 177, 
Arg 181 and Lys 259) line the groove and interact with the phosphate 
groups of the 3’ overhang. The two cytosines of the CCA motif 
engage in direct interactions with Lys 260. The side chain of this 
lysine contacts the C74 ring (at the nitrogen in position 3) and the 
main-chain carbonyl oxygen contacts the ribose of C75 (at the 2’ 
hydroxyl). The last base, A76, twists away from Xpot and stacks 


Figure 3 | Complementary tRNA-binding 
surfaces on Xpot. a, The export complex is 
shown after a 50° anticlockwise rotation around 
the horizontal axis relative to the view in Fig. 1. 
tRNA (magenta) is at the front. The magnified 
view (right) shows the residues of Xpot that 
contact tRNA. b, c, Xpot is rendered as a surface 
in the same orientation as in a, with RanGTP and 
tRNA removed for clarity. The surfaces are 
coloured according to electrostatic potential 
(with positively charged residues in blue, b) and 
according to conservation (with a gradient from 
white to violet indicating increasingly conserved 
residues, c). 


Conserved 


©2009 Macmillan Publishers Limited. All rights reserved 


NATURE|Vol 461|3 September 2009 


against C75. The adenosine is solvent exposed, with the 3’ OH placed 
close to the highly conserved Asp 178. The proximity of Asp 178 to 
the 3’OH would probably repel the phosphate group of an extra 
nucleotide but would be compatible with the presence of an aminoa- 
cyl group of a charged tRNA" (Supplementary Fig. 7). Finally, the 
helical insertion between HEATs 4 and 5 contacts not only the RNA 
backbone of the 3’ end but also Ran, and might therefore provide a 
point of communication between tRNA and RanGTP binding. 


Cargo-induced conformational changes 


The structure of RanGTP in the Xpot ternary complex is very similar 
to that reported in other karyopherin-B complexes, with an r.m.s.d. 
of about 0.5 A for all Cx atoms*”’. Comparison of tRNA with the 
high-resolution structure of Phe-tRNA™ shows an r.m.s.d. of LOA 
for all atoms encompassing nucleotides 1 to 73, reflecting a slight 
rotation of the acceptor arm with respect to the anticodon arm. In 
contrast to these minor differences, Xpot shows a marked conforma- 
tional change when the cargo-bound and unbound structures are 
compared (Fig. 5a). In the structure of Xpot in the unbound state, 
the karyopherin superhelix is in an extended conformation, 
measuring about 111 A along the axis of the superhelix (calculated 
as the distance between residues 52 and 922). Xpot is rather more 
compact in the ternary complex (81 A along the superhelical axis): 
the C terminus is displaced by 30A closer to the N terminus as 
compared to the unbound structure (Fig. 5a). The observed differ- 
ences in the two crystal structures agree well with results from solu- 
tion studies by small angle X-ray scattering”. 

The difference in conformation observed in Xpot is not the result 
of discrete hinge movements as was the case in the karyopherin Csel 
(refs 26, 36), but is the cumulative effect of small changes distributed 
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over the entire molecule. The largest differences are at the regions 
around the Ran-binding loops of HEAT repeats 9, 13 and 17 
(Supplementary Fig. 8). A partial melting of the helix A in HEAT 7 
introduces a kink that moves helix 7B towards the concave face of the 
superhelix. This rearrangement in turns displaces HEAT repeats 8 
and 9 in the same direction, creating a tighter turn of the superhelix 
and allowing the acidic loop on HEAT 9 to approach RanGTP. A 
similar displacement towards the concave surface is observed at 
HEAT 16, again creating a tighter superhelical turn and allowing 
the loop region of HEAT 17 to interact with RanGTP (Sup- 
plementary Fig. 8). Thus, although the most extensive Ran-binding 
surface is at the N-terminal arch, the Ran-binding loops in the central 
and C-terminal portion of Xpot seem to have a crucial role in form- 
ing the tight curvature of the molecule. This observation from the 
structure predicts that the binding of Ran to Xpot might be sufficient 
to prime the surface of the karyopherin into the curved conformation 
that is complementary to the shape of tRNA. This prediction can be 
recapitulated biochemically: RanGTP can form a stable binary 
complex with Xpot (Fig. 5b, lane 3), whereas tRNA can only bind 
to Xpot when RanGTP is present (Fig. 5b, lane 4, compare with 
lane 2). The observation that S. pombe Xpot can form a stable 
complex with RanGTP in the absence of tRNA suggests that the 
ternary, cargo-bound complex may proceed through an Xpot-— 
RanGTP intermediate. 

The mechanism of assembly and disassembly of cargo complexes by 
S. pombe Xpot seems to be qualitatively different from that observed in 
other export complexes such as Csel and Crm (refs 26, 27, 36 and 37; 
Supplementary Figs 9 and 10). In Csel, a large conformational change 
is also observed between the bound and unbound states, but in the 
opposite direction as compared to Xpot: Csel is more compact in the 


Figure 4 | Recognition of the tRNA 3’ and 5’ 
ends. a, Stereo view of the surface representation 
of the tRNA 3’ and 5’ ends in a similar 
orientation and colour-coding as in Fig. 3. The 
monophosphoryl! group of the tRNA 5’ end 
(yellow) is buried in the export complex. b, Stereo 
diagram showing the interactions between Xpot 
and the CCA motif at the tRNA 3’ end (C74, C75 
and A76). The tRNA is in a ball-and-stick 
representation, with carbon atoms in magenta. 
Xpot residues discussed in the text are 
highlighted. The figure also shows the tRNA 
monophosphoryl group at the 5’ end. 
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Figure 5 | Conformational change of Xpot 
unbound and in complex. a, Xpot shown in the 
unbound state (left) versus the cargo-bound state 
(right, with RanGTP and tRNA removed for 
clarity). The molecules have the same colour- 
coding and view as in Fig. 1, after superposition of 
the Xpot N-terminal arches. b, Overlay of the size- 
exclusion chromatograms of Xpot alone or with 
ligands (in excess). Samples from the peak 
fraction (indicated by dotted lines) are shown on 
an SDS-PAGE silver-stained gel (right). tRNA 
stains less intensely than proteins. Minor bands 
between 45 and 100 kDa are degradation 
impurities of Xpot. Molecular mass markers are 
shown in lane 5. 
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unbound state than in the ternary export complex”*”>”*. Cargo binding 
in the cytosol by Csel is prevented by the presence ofan intramolecular 
interaction that constrains the karyopherin superhelix in a tight ring- 
like structure, distorting the cargo-binding surface. In Xpot, the open 
conformation of the unbound state also distorts the cargo-binding 
surface, in this case by an outward displacement rather than an inward 
compaction of the individual contact points for cargo recognition. 


Conclusions 


Xpot is a general transporter of tRNAs and as such recognizes struc- 
tural features that are common to all tRNAs. The structure of the 
complex of Xpot with RanGTP and Phe-tRNA presented here shows 
how this is achieved. The C-terminal arch of Xpot hasa tight curvature 
that complements the overall shape and electrostatic character of the 
tRNA and binds to the composite surface created by the acceptor arm, 
TYC loop and D loop. The binding surface of Xpot is lined with basic 
residues that interact with the phospho-ribose backbone of the tRNA 
without making base-specific interactions. This mode of recognition 
is different from that seen in aminoacyl tRNA synthetases where a 
substantial surface on both acceptor and anticodon arms is usually 
recognized, but generally only on one face of the tRNA”. 

Xpot also makes specific interactions with discrete features of 
tRNAs, in particular with the 3’ single-stranded overhang of the 
CCA motif. Although there is no direct read-out of the sequence of 
the CCA motif (apart from base C74), the binding site on Xpot 
constrains this sequence to be single stranded and no more than four 
bases long. A conserved aspartate is found in close proximity to the 3’ 
hydroxyl moiety of tRNA and could have a role in recognizing 
amino-acyl groups of charged tRNAs. The 5’ end of tRNA is not 
contacted directly by either RanGTP or Xpot. However, this group 
is buried in a cleft between the transport factor and the GTPase so 
that extensions to the 5’ end would clash with Xpot. These steric 
constraints on the binding of the 5’ and 3’ ends of the tRNA underpin 
the mechanism by which Xpot discriminates against pre-tRNAs with 
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extended 5’ and 3’ termini. tRNAs with incomplete 3’ ends, that is, 
lacking the CCA motif, would be too short to interact with the 
N-terminal arch of Xpot. The structural framework of Xpot therefore 
provides a quality control step, ensuring that only mature tRNAs are 
exported. 

Xpot is found in both the unbound cytosolic form, with an open 
three-dimensional structure, and in the cargo-bound nuclear form 
that is more compact. The tRNA-interacting residues are exposed 
and accessible in unbound Xpot. Yet, the lack of overall shape com- 
plementarity in the absence of RanGTP probably plays an important 
part in the disassembly of the ternary complex in the cytosol and in 
preventing a potential re-import of tRNAs. Along these lines, it is 
possible that the assembly process of the complex in the nucleus 
might occur in a stepwise fashion with the formation of a 
RanGTP-Xpot binary intermediate. The emerging picture from the 
structural characterization of different karyopherins is that the same 
basic architecture is used in different ways to solve the problem of 
cargo binding and release. Ona more general level, the Xpot structure 
shows how the HEAT repeat architecture, that is usually associated 
with protein—protein interactions, is recruited to recognize a nucleic 
acid. 


METHODS SUMMARY 


S. pombe Xpot was expressed as a glutathione S-transferase (GST)-fusion protein in 
Escherichia coli BL21-CodonPlus GOLD (DE3) RIL cells (Stratagene) using an 
overnight induction at 18 °C. The protein was purified using glutathione sepharose, 
followed by GST cleavage with 3C protease, heparin sepharose and size-exclusion 
chromatography. Xpot was concentrated to 8 mgml ! and crystallized by vapour 
diffusion at 18 °C using a reservoir solution containing 100 mM MES, pH 6.5, 30% 
(v/v) PEG400 and 160 mM CaCl. 

The S. cerevisiae Ran (residues 8-179) Gln71Leu mutant was expressed as a 
TEV-cleavable His-tagged protein in E. coli DL-41 cells”. The protein was purified 
using a cobalt affinity resin and the tag was removed with TEV protease. Ran was 
loaded with GTP and purified by cation-exchange chromatography on a 
ResourceS column (GE Healthcare) to remove nucleic-acid impurities. tRNA 
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was cloned into pUC19 and produced by ‘run-off in vitro transcription. The 
sample was desalted and tRNA was separated on a Superdex 75 gel filtration 
column in the presence of 4mM MgCl. For complex formation, Xpot was incu- 
bated with a threefold molar excess of RanGTP and tRNA. The ternary complex 
was purified to homogeneity by size-exclusion chromatography in 20 mM sodium 
acetate, pH5.0, 100mM NaCl and 4mM MgCl. It was concentrated to 
15mgml | and crystallized by vapour diffusion at 18 °C using 100 mM Bis-Tris, 
pH5.5, 20% (w/v) PEG3350, 180 mM sodium acetate in the reservoir solution. 

Diffraction data were collected at the Swiss Light Source (Villigen, 
Switzerland) and the structures were determined by MIRAS and molecular 
replacement. Data and refinement statistics are summarized in Supplementary 
Tables 1 and 2. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Protein expression and purification. S. pombe exportin-t (Xpot) was PCR 
amplified from genomic DNA. The full-length insert was cloned into a modified 
pGEX vector and expressed as a GST-fusion protein cleavable with the rhino- 
virus 3C protease*’. S. pombe and S. cerevisiae Ran share 87% sequence identity 
overall and 91% sequence identity over residues 8-179 of yeast Ran, the con- 
struct used in this study. Residues 8-179 of S. cerevisiae Ran (Gsp1) were sub- 
cloned in a pProEX-HTb expression vector (Life Sciences), with an N-terminal 
6X-His tag and a tobacco etch virus (TEV) protease site. The Gln71Leu muta- 
tion was introduced into this construct using QuikChange mutagenesis accord- 
ing to the manufacturer’s instructions (Stratagene). 

Xpot was expressed in E. coli BL21-CodonPlus GOLD (DE3) RIL cells 
(Stratagene) using an overnight induction at 18 °C. The protein was purified by 
batch binding to glutathione sepharose resin (GE Healthcare) in a buffer contain- 
ing 20mM Tris-HCl, pH 7.5, 500mM NaCl, 1mM dithiothreitol (DTT) and 
eluted by cleavage of the GST tag with 3C protease. The protein was further 
purified with heparin sepharose and a final size-exclusion chromatography step 
ona Superdex 200 HR 16/60 column (GE Healthcare) in 20 mM Tris-HCl, pH 7.5, 
100 mM NaCl and 1 mM DTT. For phasing, selenomethionine-labelled Xpot was 
expressed in B834 cells grown in minimal media supplemented with amino acids 
and selenomethionine*!. Selenomethionine-derivatized protein was purified 
using the same protocol as for the unmodified protein. 

Ran was expressed in E. coli DL-41 cells* with an overnight induction at 18 °C. 
The protein was purified using a metal affinity resin charged with Co?* ions 
(Clontech). The hexahistidine tag was removed with TEV protease and a second 
passage over the Co** resin (using 20mM Tris-HCl, pH 7.5, 250mM NaCl, 
4mM MgCl, 10% glycerol and 0.5mM f-mercaptoethanol) removed any 
remaining uncut protein and TEV protease. Ran was then incubated with 
7mM EDTA to remove divalent metal ions and to strip out the bound nucleo- 
tide, and dialysed (in 20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 4mM MgCh, 10% 
glycerol and 1 mM DTT). It was then incubated with a fivefold excess of GTP and 
10 mM MgCl, at room temperature for 30 min to produce GTP-loaded Ran. Asa 
final purification step, RanGTP was purified by cation-exchange chromato- 
graphy (ResourceS, GE Healthcare). 

RNA preparation. Truncated yeast Phe-tRNA was transcribed in vitro from a T7 
promoter. Overlapping DNA oligonucleotides encoding the T7 promoter and the 
truncated sequence were annealed and extended using the DNA Polymerase I 
Klenow fragment (New England Biolabs). The extended sequence was then cloned 
into pUC19 (New England Biolabs) and amplified to produce templates for 
in vitro transcription. The purified plasmid was linearized with Mval 
(Fermentas). The restriction enzyme was removed using phenol extraction fol- 
lowed by ethanol precipitation. The truncated tRNA was produced by run-off 
transcription in a buffer containing 40 mM Tris-HCl, pH 8.0, 5 mM DTT, 28 mM 
MgCl, 1mM spermidine, 0.01% Triton X-100, 0.1 mg ml! linearized template, 
4mM of each NTP, 80mM GMP and 0.5mgml | T7 polymerase. GMP was 
added in a large excess to ensure a monophosphate group at the 5’ end of 
tRNA. The reaction was allowed to proceed at 37 °C for 2h, after which the salt 
precipitate was removed by centrifugation and the reaction was allowed to pro- 
ceed fora further 2 h. The DNA template was digested for 30 min using RNase-free 
DNase (New England Biolabs). Excess nucleotides were removed on a desalting 
column (GE Healthcare) in TE buffer (10 mM Tris-HCl, 1mM EDTA, pH 8.0). 
tRNA was separated on a Superdex 75 gel filtration column (GE Healthcare) and 
eluted in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl and 4mM MgCl. 
Crystallization of unbound Xpot and of Xpot-RanGTP-tRNA. Xpot was con- 
centrated to 8 mg ml | and crystallized using the hanging drop vapour diffusion 
method in 24-well VDX plates (Hampton Research). One-microlitre drops were 
set up on siliconized glass coverslips suspended over 300 ul of reservoir solution 
containing 100mM MES, pH6.5, 30% (v/v) PEG400 and 160mM CaCh. 
Rectangular plate-like crystals appeared after a few days at 18 °C. 

For complex formation, purified Xpot was mixed with a threefold molar 
excess of RanGTP and incubated on ice for approximately 10 min. MgCl was 
added to tRNA to a final concentration of 20mM before mixing a threefold 
molar excess of the RNA with the Xpot-RanGTP sample. The ternary complex 
was then separated from the excess RanGTP and tRNA by size-exclusion chro- 
matography with a Superdex 200 HR 16/60 column in 20 mM sodium acetate, 
pH 5.0, 100 mM NaCland 4mM MgCl. The purified complex was concentrated 
to ~15mg ml | and crystallized using the sitting drop vapour diffusion method. 
Crystals grew after 1 week at 18 °C using as reservoir solution 100 mM Bis-Tris, 
pH5.5, 20% (w/v) PEG3350 and 180 mM sodium acetate. 

Structure determination and analysis. All diffraction data were collected at 
beamlines XO06SA and X10SA at the Swiss Light Source (Villigen, Switzerland). 
The crystals of both the unbound and cargo-bound Xpot grew ina cryoprotected 
condition and were cooled directly in a nitrogen stream at 100K. All data were 
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indexed and scaled using MOSFLM” and SCALA* with the exception of the 
native data set for the unbound Xpot. The native data for unbound Xpot were 
collected using the PILATUS pixel detector at beamline X06SA (ref. 44) and were 
indexed and scaled using the XDS package**. The crystals of unbound Xpot grew 
in an orthorhombic space group (P2,2,2) with two molecules in the asymmetric 
unit. In this crystal form the non-crystallographic two-fold axis is parallel to the 
crystallographic b axis, resulting in non-crystallographic translational symmetry. 
Further data sets for unbound Xpot were collected from crystals soaked with 
AuCN (collected at the peak wavelength, 1.037 A) or EMP (collected at 1.007 A) 
or from crystals grown from selenomethionine-derivatized protein (collected at 
0.979 A). The heavy-atom substructure for the gold derivative was determined 
using SHELX"*, Phase calculations and refinement using the extra data sets were 
carried out using SHARP’. 

Cargo-bound Xpot also crystallized in an orthorhombic space group 

(.P2,2;2;) with two molecules in the asymmetric unit. The a and b axes in this 
crystal form were almost equal in length. As a consequence, many of the crystals 
had some degree of pseudomerohedral twinning (between 4% and 25%). The 
native data set used for structure determination was collected from a non-pseu- 
domerohedrally twinned crystal at a wavelength of 1.07 A. The structure was 
solved by molecular replacement using PHASER“. Fragments of the Xpot from 
residues | to 386 and residues 448 to 793 were used to locate the Xpot chain. The 
Ran search model was derived from the structure of canine Ran in complex with 
the N-terminal fragment of importin-B (PDB accession LIBR) and trimmed to fit 
the yeast sequence using CHAINSAW™. A partial model of the acceptor stem and 
TC loop of the yeast Phe-tRNA (PDB accession 1EVV) was used as a search 
model for the tRNA. The molecular graphics program O”° was used for model 
building and CNS 1.2 (ref. 51) was used for refinement. For the unbound struc- 
ture, strict NCS constraints were applied to all but the last round of refinement. 
For the cargo-bound Xpot, NCS restraints were used in the early stages of 
refinement but were removed in later rounds of refinement. The final models 
were assessed for quality by MOLPROBITY”. The electrostatic potential was 
calculated using PYMOL (Delano Scientific) and surface conservation was cal- 
culated using CONSURF”. Data and refinement statistics are summarized in 
Supplementary Tables 1 and 2. Both models show good stereochemistry. The 
Ramachandran values for the unbound Xpot structure are: Most favoured 
94.3%, Additionally allowed 5.5% and Disallowed 0.2%. The Ramachandran 
values for the Xpot-RanGTP-tRNA complex are: Most favoured 93.4%, 
Additionally allowed 6.1% and Disallowed 0.5%. 
Size-exclusion chromatography. Size-exclusion chromatography runs were 
carried out on a Superdex 200 HR 16/60 gel filtration column (GE 
Healthcare) and monitored using the ultraviolet absorbance at 280nm. Each 
injection used 60 tig Xpot in a final volume of 1 ml. For the binary and ternary 
complexes, 1.25mg RanGTP and 750 ug yeast Phe-tRNA (Sigma) were used. 
Samples from the peak fraction were separated on 4—12% gradient MOPS SDS— 
PAGE gels (Invitrogen) and visualized by silver-staining. 
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The remnants of galaxy formation from a panoramic 
survey of the region around M31 


Alan W. McConnachie’, Michael J. Irwin’, Rodrigo A. Ibata®, John Dubinski*, Lawrence M. Widrow?, 

Nicolas F. Martin®, Patrick Cété', Aaron L. Dotter’, Julio F. Navarro’, Annette M. N. Ferguson®, Thomas H. Puzia’, 
Geraint F. Lewis’, Arif Babul’, Pauline Barmby’®, Olivier Bienaymé®, Scott C. Chapman’, Robert Cockcroft'’, 
Michelle L. M. Collins”, Mark A. Fardal'*, William E. Harris'’, Avon Huxor’®, A. Dougal Mackey®, Jorge Pefiarrubia’, 
R. Michael Rich'*, Harvey B. Richer’®, Arnaud Siebert’, Nial Tanvir'®, David Valls-Gabaud’” & Kimberly A. Venn’ 


In hierarchical cosmological models', galaxies grow in mass 
through the continual accretion of smaller ones. The tidal disrup- 
tion of these systems is expected to result in loosely bound stars 
surrounding the galaxy, at distances that reach 10-100 times the 
radius of the central disk**. The number, luminosity and morpho- 
logy of the relics of this process provide significant clues to galaxy 
formation history‘, but obtaining a comprehensive survey of these 
components is difficult because of their intrinsic faintness and vast 
extent. Here we report a panoramic survey of the Andromeda 
galaxy (M31). We detect stars and coherent structures that are 
almost certainly remnants of dwarf galaxies destroyed by the tidal 
field of M31. An improved census of their surviving counterparts 
implies that three-quarters of M31’s satellites brighter than 
M, = —6 await discovery. The brightest companion, Triangulum 
(M33), is surrounded by a stellar structure that provides persuas- 
ive evidence for a recent encounter with M31. This panorama of 
galaxy structure directly confirms the basic tenets of the hierar- 
chical galaxy formation model and reveals the shared history of 
M31 and M33 in the unceasing build-up of galaxies. 

Precise measurements of stars and star clusters within the Milky 
Way have contributed significantly to the development of a cos- 
mological model for galaxy formation®®. The discovery that the 
Sagittarius dwarf galaxy was being cannibalized by the Milky Way’ 
brought into sharp focus the role of satellite accretion in the build-up 
of a galaxy’s mass. Models now propose that galaxies form within 
dark-matter haloes that grow through the continual accretion and 
merger of smaller sub-haloes. The predicted number of sub-haloes is 
at least a few orders of magnitude more than the number of dwarf 
galaxies observed as satellites around the Milky Way*”. If we assume 
that the underlying cosmology is correct, this implies that either 
significant numbers of satellites remain undiscovered or only a frac- 
tion of sub-haloes contain baryons (stars and gas). In either case, the 
number, luminosity and spatial distributions of satellite galaxies are 
important but poorly determined quantities whose values depend 
strongly on the processes through which baryons are accreted and 
retained by sub-haloes'’®!’. Many of the luminous sub-haloes are 
expected to be perturbed, and even shredded, by the tidal field of 


the host galaxy, leaving behind stellar debris in the form of streams 
and substructures within a diffuse stellar halo*’. 

Systematic studies of the Milky Way’s stellar halo, such as with the 
Sloan Digital Sky Survey’, have recently revealed a large number of 
dwarf galaxies and tidal streams. However, our viewpoint from within 
the Milky Way introduces selection effects and difficulties in inter- 
pretation, making a homogeneous global study difficult. To this end, 
we have initiated the ‘Pan-Andromeda Archaeological Survey’ 
(PAndAS), a programme using the 1-square-degree field-of-view 
MegaPrime/MegaCam camera on the 3.6-m Canada—France— 
Hawaii Telescope (CFHT). We are imaging the closest spiral galaxy, 
M31, and its less massive companion M33. Once completed, the sur- 
vey will cover more than 300 square degrees (more than 70,000 kpc”) 
and extend to a maximum projected radius from M31’s centre of 
Tp ~ 150 kpc. It is the largest contiguous imaging survey of a massive 
galaxy and spans the stellar halo out to extremely large radii. PAndAS 
builds on earlier Isaac Newton Telescope and CFHT photometric 
studies of this galaxy’*"'’. It surveys in the g (4,140-5,600 A) and i 
(7,020-8,530 A) bands and resolves individual stars in M31 to depths 
of g= 26.5, i= 25.5 at a signal-to-noise ratio of 10. The programme 
started in August 2008 and will continue until January 2011. 

Figure 1 shows the spatial density distribution of sources in our 
extant PAndAS fields that are consistent with red giant branch (RGB) 
stars in M31. Although the region surveyed so far covers ~220 square 
degrees (nearly 100-fold the area of the classical optical disk of M31), 
we find RGB stars everywhere across our survey. These stars trace the 
low-luminosity structure of the galaxy and reveal the vast extent of 
M31, challenging the commonly held impression of the size of this 
typical bright galaxy (and, by extension, other galaxies of similar 
luminosities). These stars are unlikely to have formed in situ at these 
radii because it is improbable that the local density of gas was high 
enough to promote star formation. Instead, it is expected that the 
stars have been accreted from dwarf galaxies or proto-galactic frag- 
ments, a conclusion that is consistent with the basic tenets of hier- 
archical galaxy formation. 

Our interpretation of halo stars as accreted relics is supported by the 
presence of multiple, large, coherent substructures over our survey 
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Figure 1| Stellar density map of Andromeda-Triangulum. A tangent-plane 
projection of the density distribution of stellar sources in our extant PAndAS 
imaging is shown, with colours and magnitudes consistent with RGB stars at 
the distance of M31. The inset shows the central parts of our survey at higher 
resolution. Dashed circles represent the maximum projected radii of 150 and 
50 kpc from M31 and M33, respectively. Scale images of the disks of M31 and 
M33 are overlaid. Visible dwarf satellites are indicated with roman numerals. 
Numbers in circles indicate the largest and most obvious substructures 
detected in a visual inspection of the image: 1, M33 structure; 2, 125-kpc 
stream (stream A); 3, stream C; 4, eastern arc (stream D); 5, giant stellar 
stream; 6, northwest minor-axis stream; 7, southwest cloud. Features 1, 6 
and 7 (and part of 4) are new discoveries. Stellar sources were identified by 
using star—galaxy classification techniques described previously'*”*. 
Candidate RGB stars were selected by their position in a colour—-magnitude 
diagram relative to theoretical isochrones” for a 12-Gyr population at the 
distance of M31 (ref. 26), using only stellar sources with ig < 23.5. A 
projection of the stellar density distribution within a putative metallicity 
range —2.5 < [Fe/H] < —0.6 dex was created with 0.02° x 0.02° pixels, 
smoothed with a Gaussian filter with dispersion 3 arcmin, and displayed 
with square-root scaling. The inset was created by combining, with a 
red—green—blue colour scheme, three such maps of M31 with metallicities of 
—0.4 < [Fe/H] < +0.2 dex, —1.3 < [Fe/H] < —0.4 dex and —2.3 < [Fe/ 
H] < —1.3 dex, respectively (each with 0.01° X 0.01° pixels, smoothed with a 
Gaussian filter with 2 arcmin dispersion) and displayed with logarithmic 
scaling. Not all structures are visible with this (or any other) choice of 
metallicity cut, filter and scaling. 


area. Some of these features, such as the giant stellar stream’? (no. 5 in 
Fig. 1), were previously known. New structures discovered in our 
survey include a radial overdensity along the northwest minor axis 
extending nearly 100 kpc from M31 (no. 6), a diffuse structure to the 
southwest coherent over an arc spanning ~40kpc at a distance of 
~100 kpc from M31 (no. 7), and an apparent continuation ofa previ- 
ously known stream in the east'®, ~50 kpc from M31 that loops 
around to the north of the galaxy (no. 4). The large scale of the new 
structures is striking, as is their distance from the centre of M31. They 
are expected to maintain coherence for at least a few gigayears in the 
inner halo (1) < 50 kpc), and at least a Hubble time in the outer halo 
(7) > 100kpc)'*. The implication is that these structures are the 
remains of previously accreted dwarf galaxies. None of the newly 
discovered stellar structures clearly correlate with H1 detections in 
the environs of M31 (ref. 19). Although the lack of young stars tracing 
sites of star formation implies that high H1 column densities are not 
expected, more detailed predictions on the H! content of these sub- 
structures are not yet possible. 

The surviving counterparts of the progenitors of these substruc- 
tures—the dwarf galaxies—are visible in Fig. 1 as concentrated, 
round, overdensities, and the large area surveyed permits an 
improved census of these objects. In Fig. 2a we plot the projected 
radial number density distribution of galaxies around M31; the 
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profile shows no sign of declining within 150 kpc. In Fig. 2b we plot 
the cumulative luminosity distribution of all galaxies around M31. We 
find that it is well described by the usual Schechter function’® with a 
faint-end slope of « = —0.98 + 0.07, where the uncertainty represents 
the standard deviation. These distributions imply that 6 + 4 satellites 
more luminous than M, ~ —6 still remain to be discovered within 
150 kpc (10°) of M31. Extrapolating the observed flat number-density 
profile outwards then suggests that M31 may have as many as 88 + 20 
such satellites out to r, ~ 300 kpc (roughly equal to the expected virial 
radius of M31’s dark-matter halo; see Supplementary Information), 
only about one-quarter of which are currently known. The derived 
number is an upper limit, because we expect the radial profile to decline 
beyond the survey area. Thus, even accounting for observational 
incompleteness, there is still an order of magnitude too few satellites 
compared with the expected number of dark-matter haloes. If some of 
these haloes do not contain stars, then a comprehensive inventory of 
those that do may shed much light on the solution to the ‘missing 
satellites problem’. 

The brightest of M31’s satellite companions, M33, is surrounded 
by a previously unknown prominent stellar structure (no. 1 in Fig. 1). 
This feature has an extension stretching ~2° (~30 kpc projected) to 
the northwest towards M31, nearly three times farther out than the 
classical disk of M33. A second extension is also visible in the south. 
One possible origin of this structure is that it is the accreted remains 
of a dwarf satellite, similar to the structures observed around M31. 
However, a long-standing puzzle about M33 is the existence of an 
extremely warped H1 disk, with no apparent counterpart in the 
‘pristine’ stellar disk*!”*. What process could distort the H1 disk 
but leave the stellar disk unaffected? The newly discovered feature 
has a similar orientation to the H1 warp, suggesting that we have 
discovered its optical counterpart. Furthermore, the general 
northwest-southeast symmetry of the distortion, and the broad 
alignment of the northwest extension with the measured transverse 
velocity of M33 (ref. 23), are evidence of a tidal disturbance excited as 
this galaxy orbits around M31. 

We test this hypothesis by considering the M33—M31 orbit. If the 
orbit of M33 carries it close to M31, the tidal field of the latter will 
excite the M33 disk and eject stars, but the orbit cannot be so close 
that M33 is severely distorted or disrupted”. We use the techniques 
described in the Supplementary Information to search for M33 orbits 
that are consistent with the known constraints and have reasonably 
close encounters with M31. The search reveals that the smallest 
possible pericentre distance is ~40 kpc, with close passage occurring 
a few billion years ago. We select several representative orbits and 
carry out n-body simulations” of the encounter. 

Figure 3 and Supplementary Movie | show results from one plausible 
interaction model. This orbit reproduces with good accuracy the 
observed distances”, angular positions and radial velocities of M31 
and M33, as well as the proper motion of M33 (ref. 23). The interaction 
excites tidal tails in the M33 disk that wind up to form an extended 
distribution of stars with dimensions similar to those of the debris 
observed in the PAndAS data. In addition, the debris is warped away 
from the disk in the same sense as the known gaseous warp”'”, lending 
further support to the interaction hypothesis. 

Finally, we note that the encounter between M31 and M33 leaves 
an imprint on the larger system, exciting a mild warp and distur- 
bances in the M31 disk at large radii. These phenomena are consistent 
with some of the unusual features observed in the outer regions of 
M31 (ref. 14), particularly with the discovery of younger stellar popu- 
lations in these fields” and with the measured rotational signature 
shared by many of the substructures”. It is plausible that these stars 
were originally formed in the thin disk and excited to their present 
locations by a galactic interaction, perhaps with M33 at an earlier 
phase in its orbit. The unrivalled panorama of galaxy structure pre- 
sented here for M31 therefore reveals the continuing role of accretion 
and interactions in shaping its properties, and is a startling visual 
demonstration of the truly vast scale of galaxies. 
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1 Figure 2 | Distribution of M31 dwarf galaxies. 
a, Points show the projected radial number 
density of dwarfs (2), derived for galaxies within 
10° of M31 in the survey region. Horizontal error 
M33 MT eae bars show the size of the bin, with points plotted 
z at the mean galaxy radius in that bin. Vertical 
error bars are Poissonian. Galaxy names in black 
indicate the positions of the galaxies contributing 
to each bin; the remaining galaxies are named in 
grey. The radial ranges of the substructures 
indicated in Fig. 1 are also shown. b, The 
luminosity distribution, using all galaxies within 
the survey. Error bars are Poissonian. The dashed 
line shows the best-fit Schechter function, with 
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slope « = —0.98 + 0.07. Dark and light grey areas 


NGC205 
M32 


20 show lo and 2c deviations in «, respectively. In 
both panels we are probably missing some 
satellites within ~4° of M31, where the high 
stellar density makes it difficult to detect faint 
satellites. We can detect galaxies brighter than 
M, ~ —6, although derivation of the exact 
incompleteness levels remains to be calculated 
for the completed survey. To avoid these 
selection effects, the slope of the luminosity 


function is derived by using a 7’ fit of a Schechter 
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Figure 3 | An M31-M33 interaction. a, The evolution of M33 about M31 
along an orbit consistent with the angular positions, distances” and radial 
velocities of M31 and M33 and with M33’s proper motion”’. Here, M33 starts 
3.4 Gyr ago at a distance of r~ 200 kpc on the far side of M31 falling down 
the line of sight (Z) to the Milky Way. After 800 Myr, M33 reaches pericentre 
and proceeds across our line of sight towards the southeast, reaching 
apocentre about 900 Myr ago before falling back towards M31 to its current 
position. Dots tracing the orbit are separated by 49 Myr to give a sense of the 
speed along the orbit. The lower inset shows a perpendicular view of M33’s 
orbit. b, Quantification of the expected K-band surface brightness of M33 at 
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function to galaxies brighter than M, < —8, 
where incompleteness is not an issue, and we note 
that the extrapolation to lower luminosities fits 
these data well. Because of the lack of bright 
galaxies, we cannot independently derive M*. 
Instead, we fix M* at a range of values and derive 
corresponding values of «, finding that « is robust 
to within lo for —19.5 > M* > —21.5 (witha 
trend such that fainter values for M* correspond 
to lower values for ~). The quoted value of « 
corresponds to M* = —21. 


t=-3.4 Gyr 
7 Start 


Pericentre 
r= 53 kpc 


M31 now 


different times from face-on and edge-on perspectives. The inner red/orange 
region with jx < 22 mag arcsec ” defines the size of the usual optical disk of 
M33 seen in images. The initial equilibrium models” for the two galaxies 
consist of a disk, bulge and dark-matter halo with structural parameters that 
accurately reproduce the observed surface brightness profiles and rotation 
curves. Because the mass profile of M31 beyond 100 kpc is not well 
constrained by observations, we appeal to cosmological arguments” that 
predict a mass of 2.5 X 10’* solar masses within r < 280 kpc. See the 
Supplementary Information for more details. 
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Laser cooling by collisional redistribution of radiation 


Ulrich Vogl’ & Martin Weitz’ 


The general idea that optical radiation may cool matter was put 
forward 80 years ago'. Doppler cooling of dilute atomic gases is 
an extremely successful application of this concept”’. More recently, 
anti-Stokes cooling in multilevel systems has been explored*”, 
culminating in the optical refrigeration of solids’. Collisional 
redistribution of radiation has been proposed" as a different cool- 
ing mechanism for atomic two-level systems, although experi- 
mental investigations using moderate-density gases have not 
reached the cooling regime’. Here we experimentally demonstrate 
laser cooling of an atomic gas based on collisional redistribution of 
radiation, using rubidium atoms in argon buffer gas at a pressure of 
230 bar. The frequent collisions in the ultradense gas transiently 
shift a highly red-detuned laser beam (that is, one detuned to a much 
lower frequency) into resonance, whereas spontaneous decay occurs 
close to the unperturbed atomic resonance frequency. During each 
excitation cycle, kinetic energy of order kz T—that is, the thermal 
energy (kg, Boltzmann’s constant; T, temperature)—is extracted 
from the dense atomic sample. In a proof-of-principle experiment 
with a thermally non-isolated sample, we demonstrate relative cool- 
ing by 66K. The cooled gas has a density more than ten orders of 
magnitude greater than the typical values used in Doppler-cooling 
experiments, and the cooling power reaches 87 mW. Future applica- 
tions of the technique may include supercooling beyond the homo- 
geneous nucleation temperature’””’ and optical chillers’. 
Collisional redistribution is perhaps most widely known in the 
context of magneto-optical trapping of ultracold atoms, where it is 
a primary cause of trap loss processes’. In the long-studied field of 
room-temperature interatomic collisions, redistribution of radiation 
is a natural consequence of line-broadening effects due to collisionally 
aided excitation’®"'*. A noteworthy issue is the extreme elasticity of 
collisions of excited-state alkali atoms with atomic noble buffer 
gases’. We have recently shown that under conditions of ultrahigh 
buffer-gas pressure, the frequent collisions allow for thermal equilib- 
rium of coupled atom-—light states”, which may allow for a possible 
Bose—Einstein-like phase transition of atom—light quasiparticles*'”’. 
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Figure 1| Cooling principle and set-up. a, The black lines indicate how 
rubidium atomic energy levels change as functions of the separation from a 
noble-gas perturber (see ref. 30 for more realistic, modelled potentials for 
alkali noble gases). Highly red-detuned laser radiation can be absorbed when 
a perturber atom approaches the rubidium atom. Spontaneous decay occurs 


The principle of the cooling effect we report here is illustrated in 
Fig. la. We use rubidium atoms in buffer gas at a pressure of several 
hundred bars, for which the collisionally broadened linewidth 
approaches the thermal energy, kgT, in frequency units. In a quasi- 
molecular binary-collision picture, the energy splitting between the 
rubidium 5s ground state and the 5p excited state varies critically with 
the instantaneous spatial distance between the rubidium atom and a 
noble-gas perturber. For a red laser detuning of a few nanometres, 
that is, one far outside the usual rubidium thin-vapour absorption 
profile, excitation is possible when a noble-gas perturber approaches 
the rubidium atom and transiently shifts the D lines into resonance 
by means of the intermolecular potential; this is an example of 
collisionally aided excitation’’. The 27-ns natural lifetime of the 
rubidium 5p state is orders of magnitude longer than the approxi- 
mately picosecond duration of a collisional process. Provided that 
the collisions are elastic and the mean interatomic spacing is larger 
than the range of the potential, spontaneous decay of the excited state 
will most likely occur when the atom—perturber distance is greater 
than the range of the interatomic potential. The frequency of the 
emitted photon will correspondingly be closer to the unshifted 
atomic transition frequency. This completes the cooling cycle. 

For red laser detuning, in each excitation cycle kinetic energy is 
extracted from the sample. Moreover, entropy can be transferred to 
the photonic field, as the narrowband exciting laser radiation is 
converted into scattered fluorescence with frequency bandwidth dis- 
tributed over the pressure-broadened linewidth. The typical energy 
that can be removed from the sample in a cooling cycle is of the order 
of the thermal energy, kgT, corresponding to ~h x 10'°Hz (h, 
Planck’s constant) for temperatures, T, of order of the room temper- 
ature. This is at least four orders of magnitude greater than the energy 
difference removed by a fluorescence photon in ordinary Doppler 
cooling of dilute atomic gases. We are aware that the described simple 
picture neglects multiparticle collisions. 

To demonstrate the principle of laser cooling by collisional re- 
distribution, we use a rubidium cell at an initial temperature of 
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mostly at larger perturber distances, so the emitted photons have higher 
frequencies than the incident radiation and the atomic ensemble loses 
energy. b, Experimental set-up for laser cooling of an ultradense gas by 
collisional redistribution of fluorescence. 
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620 K (vapour-limited number density, ny ~ 10'°cm7*) and argon 
buffer gas at a pressure of 230bar (23 MPa; ma, ~ 10*'cm'*). 
Tunable laser radiation is sent into the steel high-pressure gas cell 
through sapphire optical windows. The experimental set-up is shown 
in Fig. 1b and described in more detail in Methods Summary. 

In initial experiments, the average optical-frequency difference 
between incident and fluorescence light was measured. From energy 
conservation, the expected laser cooling power in a sample is 


Vel — V 


(1) 


where P,,¢ denotes optical-beam power, a(v) is the absorption prob- 
ability for an incident optical frequency v and vg is the average fre- 
quency of the scattered fluorescence. Figure 2a shows typical results 
for the spectral distribution of the fluorescence for one red detuning 
(red line) and one blue detuning (a detuning to higher frequencies; 
blue line) relative to the rubidium D lines. The corresponding incid- 
ent optical frequencies are indicated by dashed vertical lines. In both 
cases, the fluorescence spectrum is efficiently redistributed towards 
the line centre. The average frequency shift here reaches 15-20 THz. 
The corresponding differential energy will cool the atomic sample for 
red laser detuning and heat it for blue detuning. The connected 
squares in Fig. 2b show the expected cooling power as a function 
of the laser frequency, as derived by recording a number of different 
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Figure 2 | Experimental spectra. a, Fluorescence spectra of the rubidium D 
lines at argon buffer-gas pressure of 230 bar for incident-laser frequencies of 
360 THz (red line) and 404 THz (blue line), corresponding to red and blue 
detunings, respectively. The incident-laser frequencies are indicated as 
dashed vertical lines. In both cases, the fluorescence frequency is efficiently 
redistributed towards the centre of the D lines, as indicated. The visible small 
spikes are attributed mainly to stray excitation light. The rubidium 
resonance frequencies are 377 THz and 384 THz for the D1 and D2 lines, 
respectively. a.u., arbitrary units. b, The connected blue squares show the 
expected cooling power (left-hand axis) as a function of laser frequency, as 
derived from the average fluorescence frequency shift. The red circles (fitted 
with a spline function) show the angular deflection (right-hand axis) of a 
probe beam. 
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spectra such as that in Fig. 2a and determining the cooling power, 
following equation (1), from the average shift in the scattered fluor- 
escence and the laser power absorbed in the rubidium sample. It is 
clear that energy is extracted from the sample on the red side of the 
spectrum. 

The first evidence for an actual cooling of the gas was obtained using 
an infrared camera sensitive to black-body radiation in the wavelength 
range of 7.5-13 1m, which we directed at the outer surface of a 
sapphire window of our pressure cell. In this mid-infrared spectral 
region, the sapphire window material is highly opaque and we expect 
the window material, unlike the gas sample, to emit black-body 
radiation characteristic of its temperature. Owing to thermal trans- 
port in the sapphire material, a cooling of the dense gas will cause a 
temperature variation also at the outer surface of the cell window. For 
this measurement, we determined the temperature change of the 
sapphire window following a 30-s optical-cooling period. Figure 3 
shows the result recorded for a cooling-laser frequency of 365 THz, 
corresponding to a red detuning of 16 THz relative to the rubidium 
D-line centroid. The observed average temperature decrease is 
0.31 £0.03 K near the beam centre. This result for the cooling of the 
outer surface of the cell window is limited mainly by heating of the 
highly thermally conducting sapphire window (thermal conductivity 
of sapphire, Kapphire ~ 200 W cm 'K~') as a result of contact with 
the metal body of the cell, which for each absorbed photon experiences 
an energy increase equal to the photon energy. The temperature 
increase of the body of the metal cell is also clearly visible in the figure, 
and is attributed mainly to absorption of scattered fluorescence 
radiation. The observed temperature decrease of the cell window is 
in agreement with the result ofa simple heat-transport model calcula- 
tion. We interpret the observed change in black-body radiation as 
clear qualitative evidence for laser cooling based on collisional 
redistribution. 

In subsequent experiments, we probed temperature information 
directly from inside the gas cell by means of thermal deflection spec- 
troscopy~*’*. A (non-resonant) helium—neon laser probe beam is 
sent collinearly, and slightly displaced from the cooling beam, 
through the high-pressure cell, as indicated in Fig. 1b. Radial temp- 
erature variations induced by the cooling beam cause a gradient in 
the refractive index of the gas, and result in a deflection of the probe 
beam similar to that produced by a prism. The circles in Fig. 2b show 
the measured deflection angle as a function of cooling-laser fre- 
quency. For red detuning the probe beam is deflected towards the 
cooling beam, which indicates cooling, whereas for blue detuning 
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Figure 3 | Thermographic image. An infrared camera was directed at the 
sapphire entrance window of the high-pressure buffer-gas cell. Shown is the 
(average) colour-coded temperature change after a 30-s pulse of the cooling 
beam. The blue region in the centre is the sapphire window, cooled from 
behind by the gas sample. The surrounding metal flange appears red and 
yellow, owing to heating from absorption of scattered fluorescence 
radiation. To avoid cooling-laser radiation having a possible residual 
influence on the infrared-camera signal, we activated the camera only after 
the end of a cooling-laser pulse. The diameter of the cooling beam used in 
this measurement was 3 mm. 
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heating is observed. It is also apparent that the cooling regime is only 
reached when the laser frequency is detuned approximately 5 THz 
lower than the value at which it just equals the average fluorescence 
frequency; that is, at which the expected cooling power given by 
equation (1) reaches zero. This is attributed to residual heating, 
which could be due to a small quenching of excited-state rubidium 
atoms in the ultrahigh-pressure buffer-gas environment’’. Our data 
could be explained by an average decrease in the 27-ns natural life- 
time of the rubidium 5p state due to quenching in inelastic collisions 
by roughly 1 ns at an argon buffer-gas pressure of 230 bar, which 
would be consistent with the directly measured value of the lifetime 
change, 0 + 2 ns. The ratio of elastic to inelastic collisions of excited- 
state rubidium atoms with argon rare-gas atoms here exceeds 
20,000:1. 

To acquire the spatial temperature profile induced by the cooling 
beam, we scanned the lateral offset between cooling and the probe 
beam. The obtained deflection data are shown by the red dots in Fig. 4 
for a cooling-laser frequency of 365 THz and a relative absorption of 
90% in the 1-cm-long gas cell, which fits well with results derived 
using a theoretical heat-transfer model (Fig. 4, black line). The cool- 
ing- and probe-beam diameters used in this measurement are 1 mm. 
We derived the lateral temperature profile near the cell entrance from 
numerical integration of the data (Methods Summary); the result is 
shown by the solid blue line in Fig. 4. The obtained temperature drop 
in the centre of the cooling beam is 66 + 13K. This value is much 
larger than the above-mentioned result for the temperature drop 
detected at the outer surface of the cell window. This is easily under- 
stood as resulting from the thermal conductivity of the argon gas 
being much less than that of the sapphire window material, meaning 
that the cooling within the gas volume near the focal region of the 
beam can proceed further. 

The model we used to simulate heat transfer in the gas cell volume 
assumes that the cooling rate is proportional to the optical intensity 
of the Gaussian laser beam; that is, we neglect the influence of radia- 
tion transport, which assumes that w < ¢,,;, where w denotes the 
cooling-beam radius and ,,, is the absorption length. In general, we 
expect the influence of radiation transport to be weaker than it is in 
the area of ultracold atomic gases", as the influence of light forces in 
the buffer-gas sample is much smaller, but we are aware that future 
work ought to investigate this effect in more detail. The dashed blue 
line in Fig. 4 is the temperature profile obtained from the theoretical 
heat-transfer model. A cooling power of 87 + 20 mW can be estim- 
ated from the model, corresponding to a cooling efficiency of 
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Figure 4 | Measurement of temperature inside the cell. The red dots show 
results for probe-beam angular deflection as a function of lateral offset 
between probe and cooling beams, and the black line gives a fit to a 
theoretical model. The deflection gives a measure of the radial temperature 
gradient induced by the cooling beam (Methods Summary). The solid blue 
line shows the corresponding temperature profile near the cell entrance. The 
determined temperature drop in the beam centre is 66 +13 K. The quoted 
error is determined mainly by uncertainties in the optical-beam diameter, 
the beam geometry, the measured absorption coefficient for the cooling 
radiation and the buffer-gas pressure measurement. The dashed blue line 
follows a heat-transport model (equation (2)). 
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3.6 + 0.8%. These values are in reasonable agreement with the 
expected cooling power derived from the differential frequency shift 
of the fluorescence photons (see Fig. 2b and the corresponding dis- 
cussion). We note that the cooling power is four to five orders of 
magnitude greater than that achieved in Doppler-cooling experi- 
ments and is also greater than results reported for the laser cooling 
of solids’. 

In conclusion, evidence for redistribution laser cooling ofa gas has 
been obtained from an observed blue shift of the scattered fluor- 
escence, thermographic imaging of the cell window and thermal 
deflection spectroscopy. The measured temperature drop is presently 
limited by thermal conductivity of the argon gas, and could be 
improved either by focusing the cooling beam tightly into a relatively 
short, optically dense gas cell, to deposit the available cooling power 
into a smaller gas volume, or by the use of a thermally isolated all- 
sapphire cell. 


METHODS SUMMARY 
Set-up and preparatory measurements. We performed the experiment using a 
high-pressure stainless-steel cell that has a volume of a few cubic centimetres and 
sapphire optical windows and was filled with rubidium vapour and argon buffer 
gas*’. The optical cooling beam was derived from a continuous-wave titanium— 
sapphire laser with an output power of 3 W, and was directed into the pressure 
cell through the sapphire windows. To measure the rubidium excited-state life- 
time in the pressure-broadened system, the laser radiation was periodically 
chopped using an acousto-optic modulator and the emitted fluorescence 
recorded with a photomultiplier tube. 

Thermal deflection spectroscopy. To measure temperatures inside the cell, we 
periodically blocked the cooling beam with a mechanical shutter and monitored 
the deflection of a probe beam using a split photodiode. Temperature variations 
induced by the cooling beam cause a local density change and a variation of the 
refractive index, n, according to dn/dT ~ —(n— 1)/T. A collinear probe beam 
displaced by a distance ris deflected by an angle of 
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where L denotes the cell length. Assuming that the cooling beam removes energy 
with a rate following its intensity distribution, I(r, z) = Ibexp(—az— 2° 1°), 
with absorption coefficient «= 1/€,,5, for a long cell the heat transfer in the 
radial direction will dominate and the temperature distribution can be deter- 
mined from the beam deflection as follows: 
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For the dense gas at the 632-nm probe-beam wavelength (which is far detuned 
from the rubidium D lines), we used a refractive index of n ~ 1.057 + 0.006 for 
argon’’; the uncertainty is predominantly determined by the accuracy of our cell 
pressure measurement. 

For comparison, we fitted our deflection data assuming a temperature profile 
derived from a heat transport model*>”” 
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where the cooling power, Pcoo1, and the thermal diffusivity, D, of the gas were left 
as free fit parameters; t denotes the exposure time; and a thermal conductivity of 
« = 0.034 Wm 'K~! was used’, At our pressure and temperature values, 
D=k/cp, where c denotes the specific heat capacity and p is the density of the 
gas, is not very well known, but the derived value, D = 0.16 £0.05 mm’s_!, isin 
agreement with published results for argon**”’. 
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From molecular to macroscopic via the rational design 
of a self-assembled 3D DNA crystal 


Jianping Zheng'*, Jens J. Birktoft'*, Yi Chen?*, Tong Wang’, Ruojie Sha’, Pamela E. Constantinou't, 


Stephan L. Ginell®, Chengde Mao” & Nadrian C. Seeman’ 


We live in a macroscopic three-dimensional (3D) world, but our 
best description of the structure of matter is at the atomic and 
molecular scale. Understanding the relationship between the two 
scales requires a bridge from the molecular world to the macroscopic 
world. Connecting these two domains with atomic precision is a 
central goal of the natural sciences, but it requires high spatial 
control of the 3D structure of matter’. The simplest practical route 
to producing precisely designed 3D macroscopic objects is to forma 
crystalline arrangement by self-assembly, because such a periodic 
array has only conceptually simple requirements: a motif that has a 
robust 3D structure, dominant affinity interactions between parts of 
the motif when it self-associates, and predictable structures for these 
affinity interactions. Fulfilling these three criteria to produce a 3D 
periodic system is not easy, but should readily be achieved with 
well-structured branched DNA motifs tailed by sticky ends’. 
Complementary sticky ends associate with each other preferentially 
and assume the well-known B-DNA structure when they do so’; the 
helically repeating nature of DNA facilitates the construction of a 
periodic array. It is essential that the directions of propagation 
associated with the sticky ends do not share the same plane, but 
extend to form a 3D arrangement of matter. Here we report the 
crystal structure at 4A resolution of a designed, self-assembled, 
3D crystal based on the DNA tensegrity triangle*. The data dem- 
onstrate clearly that it is possible to design and self-assemble a well- 
ordered macromolecular 3D crystalline lattice with precise control. 
The tensegrity triangle is a rigid DNA motif with three-fold rota- 
tional symmetry, consisting of three helices that are directed along 
linearly independent vectors, that is, their helix axis directions do not 
all share the same plane. The helices are connected pair-wise by three 
four-arm branched junctions so as to produce the stiff alternating 
over-and-under motif shown schematically in Fig. la. Thus, there are 
three helical domains, each containing two double helical turns (21 
nucleotide pairs, including sticky ends). There are seven strands in 
the molecule, three that partake in a crossover near the corners 
(magenta in Fig. la), three that extend for the length of each helix 
(green in Fig. la), and a final nicked strand at the centre (blue in 
Fig. la), completing the crossovers and the double helices between 
the crossovers; the green and magenta strands indicate an over-and- 
under motif. By tailing the three helices with short single-stranded 
cohesive segments (‘sticky ends’) the helices can be directed to 
connect with helices belonging to six other molecules in six different 
directions, thereby yielding a 3D periodic lattice, that is, a crystal. 
The complementary GA and TC sequences of the sticky ends used 
here are indicated in red letters in Fig. la. In this case, we have 
worked with a three-fold symmetric system, because that design has 
produced the best crystals of this motif (~4 A resolution). Thus, each 


of the three magenta and three green strands contains the same 
sequence; the central 21-mer strand has a triply repeating sequence, 
and its nicked site is three-fold rotationally averaged, occurring with 
one-third occupancy in each edge; in this design, the six sticky ends 
form three identical complementary pairs. Triangles lacking this sym- 
metry produced crystals that diffracted to a lower resolution. Indexing 


TGTACGG 
ACATGCC 


Figure 1| Schematic design, sequence, and crystal pictures. a, Schematic of 
the tensegrity triangle. The three unique strands are shown in magenta 
(strands restricted to a single junction), green (strands that extend over each 
edge of the tensegrity triangle) and dark blue (one unique nicked strand at 
the centre passing through all three junctions). Arrowheads indicate the 3’ 
ends of strands. Nucleotides with A-DNA-like characteristics are written in 
bright blue. Cohesive ends are shown in red letters. b, An optical image of 
crystals of the tensegrity triangle. The rhombohedral shape of the crystals 
and the scale are visible. 
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the crystal in a rhombohedral lattice yields a unit cell edge of 69.22 A 
and an angle between the edges of 101.44°. Pictures of the rhom- 
bohedral crystals are shown in Fig. 1b. Unlike self-assembled two- 
dimensional crystals, typically a few micrometres in extent’, or 3D 
DNA-nanoparticle crystals®’, these self-assembled 3D crystals are 
macroscopic objects, exceeding 250 tm in dimension. 

Although the crystallographic asymmetric unit of the unit cell is 
one-third of the triangle, to comprehend the structure it is most 
useful to think about the whole triangular structure. The triangle is 
shown in stereoscopic view in Fig. 2a, where its over-and-under motif 
is readily visible: For example, the base pairs of the horizontal double 
helix are in front at the left, but are seen at the rear on the right. 
Figure 2b shows a view of two of the triangles in electron density, with 
emphasis on their connection by sticky-ended cohesion. Molecular 
details are not very reliable at this resolution, but it is clear from the 
electron density that the DNA is largely in the B-form, with C2’-endo 
nucleosides. However, seven of the independent nucleotides have 
characteristics closer to A-form nucleotides rather than B-form, 
estimated by comparisons with the A-B series of crystal structures 
in ref. 8; these nucleotides are indicated by blue lettering in Fig. 1a. 


Figure 2 | Views of the tensegrity triangle. a, Stereoscopic view of the 
triangle down its three-fold axis. It is in the same orientation as the schematic 
in Fig. la. The helix on the top edge starts above the mean plane of the 
molecule at the left and proceeds to the rear as it moves to the right. 
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The view of the structure perpendicular to a helix axis, seen in Fig. 2b, 
shows unmistakable double-helical features, such as the major and 
minor grooves. Holliday junctions, similar to the four-arm junctions 
that comprise the corners of the triangle, have been examined previ- 
ously by crystallography’ and by atomic force microscopy'®''. The 
angle between the axes in those cases is about 40-60°, somewhat 
smaller than the 78° angle enforced by the structure of this tensegrity 
triangle. A Holliday crossover between two helices is visible at the 
bottom of Fig. 2a. 

This crystal structure demonstrates the viability of designing 
periodic nucleic acid structures in three dimensions. The three direc- 
tions that define the lattice are evident from the red, green and yellow 
colour coding in Fig. 3a, which shows the surroundings of a given 
tensegrity triangle. The open nature of this stick-like lattice is shown 
in Fig. 3b, which illustrates the rhombohedron that is flanked by eight 
of the triangles. The red triangle is at the rear, bonded by sticky ends 
to the three yellow triangles that flank it lying in a plane closer to the 
viewer. The yellow triangles are bonded to the green triangles lying in 
a plane even closer to the viewer. An eighth triangle lying closest to 
the viewer and directly above the red triangle has been excluded for 
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b, Stereoscopic view of two triangles in electron density. This image is 
perpendicular to an edge of the rhombohedron, showing the connection of 
two triangles by sticky ends. Sticky ends are magenta for emphasis. Some 
density features belonging to neighbouring molecules are not depicted. 
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Figure 3 | Lattice formed by tensegrity triangles. a, Surroundings of a 
triangle. This stereoscopic image distinguishes three independent directions 
by base-pair colour. The central triangle is flanked by six other triangles. 
b, Rhombohedral cavity formed by tensegrity triangles. This stereoscopic 
image shows seven of the eight triangles that comprise the rhombohedron’s 


clarity. The volume of this rhombohedral cavity is ~103 nm’, and its 
open cross-section has an area of ~23 nm’. 

The arrangement of the molecules in this crystal is not fortuitous: 
it is clearly the result of sticky-ended cohesion as a consequence of 
our design; indeed, these are the only direct intermolecular contacts 
in the crystal. As a further demonstration of the ability to program 
crystalline DNA arrangements in 3D using sticky-ended cohesion, we 
have constructed eight other rhombohedral lattices from related 
tensegrity triangles. The crystals are summarized in Table 1, and their 
structures will be described elsewhere; Table 1 also indicates that 
these crystals contain cavities that can exceed 1,000 nm? (one zepto- 
litre). The unit cells, lengths and angles are approximately what 
would be predicted"’ from the design. The resolution of the crystals 
decreases with increasing edge length; this is possibly a consequence 
of constructing stick-like lattices that lack the contacts that stabilize 


Table 1| Crystalline tensegrity triangle lattices 


corners. The cavity outline is drawn in white. The rear red triangle connects 
through one edge each to the three yellow triangles in a plane closer to the 
viewer. The yellow triangles are connected through two edges each to two 
different green triangles that are even nearer to the viewer. 


the more common ball-like lattices found in most biomacromolecu- 
lar crystals. The presence of three-fold rotational symmetry also 
seems to improve resolution; this is possibly because only three 
unique strands, rather than seven, need to be purified and mixed 
with appropriate stoichiometry. Thus, the system described here is 
a robust basis for crystalline design. A previous system that diffracts 
well has been reported’*"*; however, it does not contain rationally 
designed Watson—Crick pairing in all directions of cohesion. 
Designed inorganic'’ 3D periodic systems and coordination net- 
works'® have been reported, but unlike DNA with sticky ends*’”"’, 
those systems cannot be used conveniently to design an arbitrary 
number of components in the asymmetric unit. 

The applications that have been suggested previously for designed 
3D nucleic acid crystalline systems include the scaffolding of bio- 
logical systems for crystallographic structure determination”, as well 


Crystalnumber Edge length Space group Inter-junction Rhombohedral cell Resolution Cross-section Cavity size 
(nucleotide pairs) pairs dimensions (A) (nm?) (nm?) 

1 21 R3 7 a=69.2 A, a=101.4° 4.0 23 103 

2 21 Pl 7 a= 68.0 A, = 102.6° 5:0 23 101 

3 31 R3 7 a=102.0 A, a=112.7° 6.1 62 366 

4 31 Pl vA a= 100.9 A, a=111.6° 6.3 61 373 

5 32 R3 8 a= 103.6 A, a= 113.6° 6.5 64 367 

6 32 PL 8 a= 103.3 A, a=112.2° 6.5 64 395 

wf 42 R3 7 a= 134.9 A, a =110.9° 11.0 123 1,104 

8 42 Pl 7. a= 133.7 A, a =111.3° 14.0 120 1,048 

9 42 R3 28 a= 134.9 A,%#=117.3° 10.0 117 643 

The cross-sectional area and cavity size are derived from the lattice parameters. Cross-sections and cavity sizes are estimated by subtracting two radii of the double helix (~10 A) from the unit cell 

dimensions. The space group indicates whether deliberate three-fold rotational averaging has been performed; it has for those in R3, not for those in P1. Edge lengths and inter-junction distances 


(within triangles) are given in nucleotide pairs. Crystal 1 is the work reported here. The structures of crystals 3 and 7 have been determined by molecular replacement; others are in progress. 
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as the organization of nanoelectronics”. Both of these applications 
will probably be most usefully realized with scaffolding that is not 
three-fold rotationally averaged. Guests that can be accommodated 
three at a time in the unit cell would be acceptable for structure 
determination, but they would need to be small enough to fit; three- 
fold rotational averaging of a single guest would not be optimal for 
determining structures. Thus, the crystallographic application will 
probably require higher resolution, and perhaps the larger unit cells 
noted above, to accommodate larger guest molecules. The nanoelec- 
tronics application probably requires only the larger unit cells, so as to 
accommodate large components. Nevertheless, following this begin- 
ning, the other steps apparently needed for these applications are likely 
to prove incremental and feasible. It seems reasonable that many of the 
applications of DNA arrays that have been prototyped in two dimen- 
sions can be extended to three dimensions. For example, it should be 
possible to incorporate nanomechanical devices’’ into a 3D lattice, 
perhaps capable of being programmed to capture specific molecules 
at specific times'*”’. The ~250-|1m-sized crystals used in this study 
contain an estimated 4.5 X 10'° unit cells; metallic nanoparticles have 
already been used to form patterns on two-dimensional DNA arrays"®, 
so extending that capability to 3D could provide a very dense ordered 
arrangement of nanoparticles. In addition to periodic assembly, 
aperiodic algorithmic assembly~ in three dimensions is also con- 
ceivable, but crystallography will not be readily usable for establishing 
that the assembly has occurred flawlessly. 


METHODS SUMMARY 

Synthesis, purification and crystallization. DNA sequences were designed using 
the program SEQUIN”. DNA strands, including iodinated derivatives, were syn- 
thesized by standard phosphoramidite techniques on an Applied Biosystems 394 
DNA synthesizer. Strands were doubly purified by reverse-phase high-performance 
liquid chromatography using a C-18 column (Waters). Crystals were grown from 
80-l sitting drops in a thermally controlled incubator containing 0.25 ig pl! 
DNA, 30 mM sodium cacodylate, 50 mM magnesium acetate, 50 mM ammonium 
sulphate, 5 mM magnesium chloride and 25 mM Tris (pH 8.5), equilibrated against 
a 1.5-ml reservoir of 1.7M ammonium sulphate. Rhombohedral-shaped crystals 
with dimensions as large as 250 tm X 250 um X 250 um were obtained by slow 
annealing, in which the temperature was decreased from 60°C to room temper- 
ature (~20 °C) with a cooling rate of 0.2 °C per hour over a period of 7 days, during 
which the volume of the drop diminished by about 90%. Crystals were obtained at 
the end of the cooling step, and appeared full-sized within a day. Both native and 
iodinated-derivative crystals were produced under the same conditions. 

Data collection. Crystals were transferred to a cryosolvent of 30% glycerol, 
100 mM ammonium sulphate, 10 mM MgCl, and 50 mM Tris and were frozen 
by immersion into liquid nitrogen. X-ray diffraction data were collected from 
crystals of iodinated derivatives (12 iodine atoms per triangle—on the fourth 
and thirteenth nucleotide of each green strand and on the sixth and eleventh 
nucleotide of each red strand) at 1.7 A on beamlines X6A and X25 at the National 
Synchrotron Light Source (Brookhaven National Laboratory, Upton, New York, 
USA). A complete sphere of native X-ray data was collected at the APS beamline 
19ID**. 

Structure determination. Complete crystallographic details and associated 
references are available in the Supplementary Information. 


Received 26 February; accepted 6 July 2009. 
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Denitrification as the dominant nitrogen loss process 


in the Arabian Sea 


B. B. Ward’, A. H. Devol?, J. J. Rich®, B. X. Chang’, S. E. Bulow’, Hema Naik‘, Anil Pratihary* & A. Jayakumar’ 


Primary production in over half of the world’s oceans is limited by 
fixed nitrogen availability. The main loss term from the fixed 
nitrogen inventory is the production of dinitrogen gas (N2) by 
heterotrophic denitrification or the more recently discovered 
autotrophic process, anaerobic ammonia oxidation (anammox). 
Oceanic oxygen minimum zones (OMZ) are responsible for about 
35% of oceanic N2 production and up to half of that occurs in the 
Arabian Sea’. Although denitrification was long thought to be the 
only loss term, it has recently been argued that anammox alone is 
responsible for fixed nitrogen loss in the OMZs*~*. Here we 
measure denitrification and anammox rates and quantify the 
abundance of denitrifying and anammox bacteria in the OMZ 
regions of the Eastern Tropical South Pacific and the Arabian 
Sea. We find that denitrification rather than anammox dominates 
the N> loss term in the Arabian Sea, the largest and most intense 
OMZ in the world ocean. In seven of eight experiments in the 
Arabian Sea denitrification is responsible for 87-99% of the total 
N> production. The dominance of denitrification is reproducible 
using two independent isotope incubation methods. In contrast, 
anammox is dominant in the Eastern Tropical South Pacific OMZ, 
as detected using one of the isotope incubation methods, as 
previously reported*”. The abundance of denitrifying bacteria 
always exceeded that of anammox bacteria by up to 7- and 19-fold 
in the Eastern Tropical South Pacific and Arabian Sea, respec- 
tively. Geographic and temporal variability in carbon supply 
may be responsible for the different contributions of denitrifica- 
tion and anammox in these two OMZs. The large contribution of 
denitrification to N2 loss in the Arabian Sea indicates the global 
significance of denitrification to the oceanic nitrogen budget. 

Nitrogen limits biological production in many terrestrial and 
aquatic environments, so it is essential to understand processes that 
control nitrogen availability. The global inventory of fixed nitrogen 
may be out of balance, with losses exceeding inputs®. This perceived 
imbalance has motivated research into inputs via nitrogen fixation 
and losses via denitrification and anammox. The discoveries of previ- 
ously unknown marine microbes involved in marine nitrogen fixa- 
tion’ and that anammox may be the dominant N, loss term in many 
environments”*” both point to large uncertainties in our under- 
standing of the global ocean nitrogen cycle and thus our ability to 
predict how it might respond to perturbation. 

Denitrification is an anaerobic respiratory process that is found 
widely in both autotrophic and heterotrophic microbes in all three 
biological domains. Phylogenetic studies of functional genes involved 
in denitrification indicate that both the Eastern Tropical South Pacific 
(ETSP) and Arabian Sea OMZs (defined as the depth zone where 
oxygen concentrations are low enough to induce anaerobic metabo- 
lism) harbour large diverse assemblages of heterotrophic denitrifying 
bacteria'!®"’’. In the absence of oxygen, denitrifiers respire nitrate 


(NO; ) sequentially to nitrite (NO, ), nitric and nitrous oxides 
(NO, N20) and finally to N>. In consuming organic matter, they 
regenerate inorganic nutrients such as carbon dioxide (CO ), ammo- 
nium (NH, "), and phosphate (PO,°), which are necessary to sustain 
continued primary production. Anammox bacterial assemblages in 
nature are less diverse than denitrifier assemblages and are represented 
by only one or two phylotypes'*. In contrast to denitrifying bacteria, 
anammox bacteria are autotrophs that consume NH,* and NO,” in 
respiration and form biomass by CO, fixation. Anammox is thus 
dependent upon nutrient regeneration by some other process in order 
to supply the inorganic nutrients and reductants it requires. 
Denitrification by heterotrophic bacteria seemed to be the obvious 
supply process for both NH,* and NO, , which are required by 
anammox, and unlike the wastewater treatment plants in which ana- 
mmox was originally identified, are in very low concentrations in most 
of the ocean. It is therefore difficult to understand how anammox 
could occur in the ETSP OMZ to the exclusion of denitrification’”. 

Lam et al.* suggested that dissimilatory nitrate reduction to 
ammonium is a potential source of the NH,” in the ETSP and argued 
that other processes can supply most of the nitrite. A revision of the 
nitrogen cycle of OMZs was proposed, in which conventional denit- 
rification is unnecessary because nitrite is supplied by either aerobic 
nitrifying or anaerobic nitrate-reducing microbes and ammonium is 
supplied by dissimilatory nitrate reduction to ammonium. This revi- 
sion is difficult to reconcile with numerous reports of abundant and 
diverse denitrifying bacterial assemblages in OMZs, where their fac- 
ultative anaerobic metabolism should be favoured by plentiful 
organic supply and lack of oxygen. Although not detected in short- 
term incubations in the ETSP*”, denitrification has, however, been 
detected in longer incubations in small (12 ml) glass vials called exe- 
tainers elsewhere’* and in the ETSP and Arabian Sea in much larger 
volume containers'®*'’. These observations provide evidence that 
viable denitrifying bacteria are present in the major OMZs and this, 
along with the need for nitrogen substrates to support anammox, 
seems incompatible with the lack of measurable denitrification. To 
reconcile these findings, we measured denitrification and anammox 
rates and quantified the abundance of denitrifying and anammox 
bacteria in the OMZ regions of the ETSP and the Arabian Sea 
(Supplementary Fig. 1). 

All four stations in both systems exhibited the classic oxygen and 
dissolved inorganic nitrogen profiles usually associated with OMZs 
(Fig. 1). In the Arabian Sea pelagic OMZ, we measured denitrifica- 
tion and anammox using two methods: (1) the exetainer method 
previously used in the ETSP’* (8 ml volume, 36-48 h incubations, 
helium-sparged) and (2) incubations in large trace-metal clean tri- 
laminate gas-impermeable bags'* (~8-litre volume with no head- 
space, 48h incubations, ambient gas concentrations). No changes 
in dissolved inorganic nitrogen concentrations were detectable by 


'Department of Geosciences, Princeton University, Princeton, New Jersey 08544, USA. *Department of Oceanography, University of Washington, Seattle, Washington 98195, USA. 
3Center for Environmental Studies, Brown University, Providence, Rhode Island 02912, USA. “National Institute of Oceanography, Dona Paula, Goa 403004, India. 
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Figure 1| Chemical profiles for experimental stations in the Arabian Sea 
and ETSP. Oxygen (dotted traces), nitrate (crosses), and nitrite (circle) 
concentrations at two stations in the Arabian Sea (a, b) and two in the ETSP 
off Peru (c, d). Solid lines are smoothed curves connecting the data. a, Station 
1, 19° N, 67° E, bottom depth 3,100 m. b, Station 2, 15° N, 64° E, bottom 
depth 3,930 m. ¢, Station 9, 15° 38’ S, 75° 08’ W, bottom depth 977 m. 

d, Station 24, 12° 15’ S, 79° 18’ W, bottom depth 4,899 m. Arrows indicate 
depths where denitrification and anammox rates were measured. 


spectrophotometric methods over the course of the incubations, and 
transformation rates were detectable only by isotopic measurements 
of the N, pool ('*!°N, (that is, '*N='°N) production from '"NH,4~ 
as a tracer for anammox and '°N, production from ‘NO, for 
denitrification). Denitrification rates ranged from 0.24 to 25.4nM 
of N> per day in the exetainers and from 1.3 to 6.5 nM of N> per day in 
the bags (Fig. 2). Anammox rates were generally much lower, 0.24— 
4.32 nM N>j per day in the exetainers and 0.12—0.21 nM N;j per day in 
the bags. Although the bag and exetainer incubations were performed 
on different days with water collected from different casts and incu- 
bated under different conditions, the difference in rates obtained by 
the two methods is relatively minor. Denitrification rates calculated 
from '°N, production include the coupled pathway of dissimilatory 
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Figure 2 | Rates of denitrification and anammox and abundance of 
signature genes for denitrification and anammox. Top, Arabian Sea; 
bottom, ETSP. a, Denitrification and anammox rates. White bars, anammox 
rate measured in exetainers; grey bars, denitrification rate measured in 
exetainers; hatched bars, anammox rate measured in 8-litre bags; black bars, 
denitrification rate measured in 8-litre bags; black circle, no rate detected; 
white circle, not measured. Error bars are the standard error of the slope of 
MISN, or ON, plus 'SN, accumulation in exetainer incubations. Error 
bars indicate error of the slope for exetainer incubations and range of 
duplicates for bag incubations. b, White bars, depth distribution of 
anammox 16S rRNA genes; black bars, total denitrifier nirS genes; grey bars, 
a dominant nirS clade. Error bars indicate standard deviations of triplicate 
Q-PCR assays. 


nitrate reduction to ammonium and anammox, but the rate of this 
coupled pathway cannot exceed the anammox rate. For the seven 
experiments excluding the high anammox rate from 150 m at station 
2, denitrification averaged 93.7% of the total N, production rate. 
To quantify the abundance of signature genes representing denit- 
rification, we used degenerate primers’’ for the nirS gene (which 
encodes the haem-containing nitrite reductase gene in the denit- 
rification pathway), and for anammox, we used anammox-specific 
16S ribosomal RNA gene primers”. nirS abundance measured by 
quantitative PCR (Q-PCR) in the Arabian Sea was (3.2- 
5.3) X 10° copies ml~!, and exceeded anammox abundance by 5.9- 
19.2-fold at the two stations (stations 1 and 2) for which anammox 
rates are reported (Fig. 2). In 2004, near the same station locations, 
we investigated the diversity of the nirS genes and found that one 
clade was dominant at station 1. This clade, Dom nirS, represented 
25% of the sequences in clone libraries and 30% of the total nirS 
abundance by Q-PCR near station 1 (ref. 12). In 2007, at the time of 
our rate measurements, the Dom nirS clade was present at up to 20% 
of the total nirS by Q-PCR, similar to the abundance of the anammox 
16S rRNA genes. Neither the total nirS primers’? nor the Dom nirS 
primers’ amplify the known anammox nirS sequences, so these 
abundances do not include anammox genes. Assuming both nirS 
and the anammox 16S rRNA genes are present in one copy per 
cell’’”’, nirS-type denitrifiers represent a large fraction of the total 
cells present’*”* and are more numerous than anammox bacteria. 
In the ETSP, only anammox was detected using the exetainer 
incubation method (J.J.R., B.X.C., ALH.D. & B.B.W., manuscript in 
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preparation), although anammox was not detected at all depths 
(Fig. 2). No DN, (indicating denitrification) was detected in incuba- 
tions with '"NO3~ added asa tracer. The range in anammox rates and 
the lack of denitrification were consistent with previous reports for the 
ETSP?» in which the same methods were used. Denitrification, at a rate 
similar to rates measured in the bag incubations in the Arabian Sea, was 
measured in bag incubations at 260m at station 24 in the ETSP, 
although exetainer experiments detected neither anammox nor denit- 
rification at this depth (Fig. 2). 

At the same depths in the ETSP where anammox or denitrification 
was detected, the abundance of denitrifiers containing the nirS gene 
was (3.1-5.7) X 10° cells ml '. The Dom nirS clade from the Arabian 
Sea was not detected by Q-PCR in any samples from the ETSP. 
Published clone library data*"® so far have not identified a clear domi- 
nant phylotype in the ETSP system. The abundance of anammox 
bacteria in the ETSP samples was (0.7-1.5) X 10° cells ml” ', ~3-7- 
fold less abundant than the nirS denitrifiers. At stations 3° north of our 
station 9, Hamersley et al.° reported abundances of anammox bac- 
teria based on Q-PCR and fluorescent in-situ hybridization (FISH) 
(targeting the 16S rRNA sequence) of up to 1.5 X 10° cellsml~'. The 
similarity between the anammox abundances reported here (Fig. 2) 
and those reported previously for the same region’ lends support to 
the general pattern we observed. The similarity in nirS denitrifier 
abundances between the Arabian Sea and ETSP suggests that denitri- 
fiers are important in both systems, but anammox abundance was 
generally less in the Arabian Sea, where anammox rates were much 
lower. 

Denitrifier abundances reported here are probably underestimates 
of the total denitrifier abundance because the nirS primers may not 
detect all nirS-containing organisms and denitrifiers that use the 
copper-type nitrite reductase, encoded by the nirK gene, were not 
quantified. The nirS primers used by Lam et al.* significantly under- 
estimate the denitrifier abundance, because they do not amplify most 
of the sequenced nirS genes reported previously from OMZ waters in 
the Arabian Sea’? and the ETSP””. 

The rates reported here are the first direct measurements of denit- 
rification in the OMZ of the Arabian Sea in short-term incubations. 
Denitrification, defined as production of '*'°N, from '°NO3~ in 
large-volume incubations reported previously’, could not distin- 
guish between anammox and denitrification. Nicholls et al.’’ inferred 
denitrification in the Arabian Sea from rates of production of N,0 
from '°NO, and "NO; (and rates of production of ISN, from 
NO), mainly after at least two days); this group also detected only 
very low rates of anammox. In our study, both exetainers and bags 
yielded rates of similar magnitude in incubations of similar length 
(up to two days). The range of denitrification rates reported here 
includes the average rate of 9.1 + 1.1 nM N;j per day reported for total 
denitrification (implicitly including anammox)' in the Arabian Sea, 
the mean rate of 2.0 nM N; per day for '°N> production from "NO, 
in longer incubations in the Arabian Sea'’, and the rate of 
14.7 + 3.53nMNb> per day estimated from NO consumption in 
the ETSP™. 

Denitrification rates were much faster than anammox at all depths 
and all stations except in one exetainer experiment. The significant 
rates of denitrification that we measured in the Arabian Sea contrast 
with rates measured in the ETSP by ourselves and others, in which 
anammox, but not denitrification, was detected*°. Because identical 
methods were used in the ETSP and Arabian Sea, we suggest that the 
Arabian Sea differs from the ETSP in the relative contribution of 
denitrification and anammox, at least at the times of these experi- 
ments. We previously documented that denitrification was limited 
by availability of organic carbon in the OMZ of the ETSP, but not in 
the Arabian Sea’®. Therefore it seems likely that important differences 
in carbon availability, in terms of magnitude, composition or tem- 
poral supply, may be responsible for these ecosystem-scale differ- 
ences’ and might also lead to temporally and spatially dynamic 
distributions of both processes. 
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The high abundance and diversity of denitrifiers, compared to the 
lower abundance and lower diversity of anammox organisms, suggests 
that dynamic assemblages of denitrifiers persist in both OMZs. It is 
clear, however, that the denitrifier assemblages in the two environ- 
ments differ in important ways, including the consistent detection ofa 
dominant denitrifier phylotype, which was absent in the ETSP, but 
which was associated with the core of the OMZ and highest denit- 
rification rates in the Arabian Sea. 

The lack of correlation between bacterial abundances and the 
respective rates is compatible with the contrasting lifestyles of the 
two kinds of microbes: versatile opportunistic heterotrophic denit- 
rifying bacteria are probably capable of a much more dynamic activity 
response to episodic substrate supply than are the more highly con- 
strained slower-growing autotrophic anammox bacteria. We hypo- 
thesize that episodic organic matter supply supports the denitrifiers in 
the ETSP and that at times of high organic flux, the relative contri- 
bution of denitrification and anammox shifts towards the ratio 
observed in the Arabian Sea. The close coupling between aerobic 
nitrification and anammox, which might be able to supply some of 
the nitrite required for anammox in the ETSP, is unlikely to be import- 
ant in the core depths of the OMZ in either the ETSP or the Arabian 
Sea. When detected, the highest anammox rates generally occur near 
the upper edge of the OMZ in the ETSP”, whereas we detected denit- 
rification in the core of the OMZ at the depth of the secondary nitrite 
maximum in the Arabian Sea and in the ETSP. The conventional 
nitrogen cycle of the Arabian Sea must be revised to include anam- 
mox, but denitrification is clearly the overwhelmingly dominant flux 
for fixed nitrogen loss in the ocean’s largest OMZ. Its importance in 
the Arabian Sea, which alone is responsible for up to half of the fixed 
nitrogen loss from the pelagic realm’, indicates that denitrification is a 
major process in the overall marine nitrogen cycle. 


METHODS SUMMARY 


Sampling was conducted aboard the RV Knorr in the ETSP in 2005 and the RV 
Roger Revelle in the Arabian Sea in 2007. Nutrient concentrations were deter- 
mined by standard spectrophotometric methods and oxygen was measured 
using an electrode mounted on the conductivity-temperature—depth instrument 
package. Water for incubations was collected from Niskin bottles, which were 
plumbed with helium during sample removal to avoid atmospheric contamina- 
tion. Anammox and denitrification rates were measured using the standard 
method with small-volume exetainers’®, in which various isotope additions were 
made to helium-sparged vials and the accumulation of '°N> was measured on a 
Europa 20/20 mass spectrometer in triplicate vials poisoned at 12, 24, 36, and 
48h. Exactly the same exetainer methods were used as described in ref. 15 to 
obtain results that were exactly comparable to those previously reported. 
Anammox was quantified from the accumulation of ''!°N, in the incubation 
to which '"NH,” was added as a tracer along with “NO, , and denitrification 
was quantified as the accumulation of '*!°N, and '°N; in incubations to which 
'SNO, was added as a tracer. Rates of denitrification and anammox were 
considered significant if the increase in M™415N, or '°N> was linear over the first 
36 h of exetainer incubations. The new method used large trilaminate bags with 
no headspace and no sparging'®. The same tracer treatments as in the exetainer 
method were used but at lower concentrations. Degassed tracer solutions were 
added while filling the bags directly from the Niskin sampling bottles. Single 
endpoint determinations of '*'°N, and '°N> were made on subsamples from the 
8-litre bags after 48 h and analysed following the method of Emerson et al.** ona 
Finnigan Delta XL mass spectrometer. Signature genes for denitrification and 
anammox were quantified by Q-PCR. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Inorganic nutrient concentrations were measured by autoanalyser and CTD 
oxygen values were standardized to Winkler titrations. Methods of DNA extrac- 
tion, PCR amplification and Q-PCR using SYBR Green for nirS and Dom 
nirS'*'* and anammox 16S rRNA genes” (primers AMX368F and AMX820R) 
have been described previously. Standardization and verification of specificity 
for Q-PCR assays were performed as previously described’. 

Denitrification and anammox rates in small volumes were measured using the 
previously described incubation protocol'*. Water samples were collected from 
Niskin bottles, which were plumbed with helium during sample removal to avoid 
atmospheric contamination of gases and held at 12 °C (<3 h), then transferred to a 
N, flushed glove bag, where the '°N tracers (3 }1M final concentration "NO, or 
SNH,*) were added. Triplicate aliquots (8 ml) were incubated in 12-ml exetai- 
ners, which were sealed and sparged with helium for 5 min. Three replicates of each 
sample were killed with 0.05 ml of 7 M ZnC], at 12-h intervals between 0 and 48 h. 

The amount of excess '°N, produced during the incubations was measured 
directly in the incubation vials with a continuous-flow isotope ratio mass 
spectrometer (Europa Scientific 20-20), in-line with an automated gas prepara- 
tion unit (Europa Scientific, ANCA-G Plus). Denitrification was defined as 
binomially distributed '4S1ISN and °N> production in the 1SNO,” incubation?” 
and anammox was defined as '*!°N, production in '"NH,* incubation’*. 
Statistical analyses were performed using the JMP software program (SAS). 
The '°N, production rates were calculated from the 36-h (four time points) 
slope of the standard least-squares regression. Error was calculated as the stand- 
ard error of the slope. Error for denitrification rates was determined by propaga- 
tion of error from the slopes of F29 and F30 (according to ref. 29). 

Isotope measurements for bag incubations were made on subsamples col- 
lected from the bags into HgCl,-poisoned, pre-evacuated, 300-ml glass flasks 
equipped with gas-tight 9-mm-bore Louwers—Hapert single o-ring valves. The 
amount of '*N3, '*!°N, or '°N, added by denitrification in the NO, - 
amended incubations was calculated using the following equations: 
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The oldest hand-axes in Europe 


Gary R. Scott’ & Luis Gibert’ 


Stone tools are durable reminders of the activities, skills and 
customs of early humans, and have distinctive morphologies that 
reflect the development of technological skills during the 
Pleistocene epoch. In Africa, large cutting tools (hand-axes and 
bifacial chopping tools) became part of Palaeolithic technology 
during the Early Pleistocene (~1.5 Myr ago)'*. However, in 
Europe this change had not been documented until the Middle 
Pleistocene (<0.5 Myr ago)*°. Here we report dates for two western 
Mediterranean hand-axe sites that are nearly twice the age of the 
supposed earliest Acheulian in western Europe. Palaeomagnetic 
analysis of these two sites in southeastern Spain found reverse 
polarity magnetozones, showing that hand-axes were already in 
Europe as early as 0.9Myr ago. This expanded antiquity for 
European hand-axe culture supports a wide geographic distri- 
bution of Palaeolithic bifacial technology outside of Africa during 
the Early Pleistocene. 

Africa has an extensive Pliocene—Pleistocene record of hominins, 
with the oldest archaeological sites (~1.5 Myr old) that contain large 
bifacial cutting tools (Acheulian hand-axes and cleavers) found at 
Konso-Gardula', Peninj* and Wonderwerk*. There are few early 
archaeological sites outside Africa with Acheulian bifacial artefacts, 
mostly around the Early/Middle Pleistocene boundary, such as 
Gesher Benot Ya’agov, Israel (palaeomagnetic age: 0.7 Myr old)’, 
and Bose, China (*°Ar—*’Ar age: 0.8 Myr old)’. An exception is the 
older, eastern Mediterranean site of ‘Ubeidiya, Israel (palaeomag- 
netic age: ~1.2 Myr old)*. In western Europe, hand-axes are found 
in sites ranging from 35 to ~500 kyr ago*>”. 

We are reporting Early Pleistocene (~0.9 Myr ago) and initial 
Middle Pleistocene (0.76 Myr ago) dates for hand-axes excavated 
from two western Mediterranean sites (Fig. 1). Solana del 
Zamborino (La Solana del Zamborino, 37.39° N, 3.11° W), long con- 
sidered one of the younger Acheulian sites in the Iberian Peninsula", 
and Estrecho del Quipar (Cueva Negra de Estrecho del Rio Quipar, 
38.04° N, 1.88° W) were previously assumed to be from the end of the 
Middle Pleistocene (~200 kyr ago)'"'”. More recent studies of micro- 
mammals indicated older ages within the Middle Pleistocene'*™. 
However, our magnetostratigraphic analysis (Fig. 2) at Solana del 
Zamborino now indicates a date (~760 kyr ago) at the boundary 
between the Early and Middle Pleistocene, corresponding to the last 
palaeomagnetic polarity reversal (Matuyama to Brunhes chrons). At 
Estrecho del Quipar, our new date (~900 kyr ago) is Early 
Pleistocene, fully within the reverse polarity Matuyama chron. 
These new dates expose Acheulian lithic technology in the western 
Mediterranean before the end of the Early Pleistocene, comparable to 
that found in the eastern Mediterranean (‘Ubeidiya)*. 

Solana del Zamborino has been a reference for the terminal part of 
the Early Palaeolithic in Spain, with artefacts described as evolved 
Mode 2 (ref. 10) and Final Acheulian'!. Located in the Guadix Basin, 
a large western tributary of the internally drained Baza Basin, the 
Solana del Zamborino fossil quarry is an open-air site within a long 
(>150m) stratigraphic sequence dominated by fluvial deposits 


Nevada >3,000 m). During the time of Solana del Zamborino, the 
fluvial deposition was displaced as an expanding palaeo-lake created 
palustrine (marsh) and littoral (shallow lake margin) environments. 
Excavations were made only during the mid-1970s, supplying an 
abundance of large-animal bones, tusks and charcoal (and other 
evidence of fire), along with several hand-axes and Palaeolithic tools 
made from quartzite, quartz and chert'' (also see Supplementary 
Information). 

The youthful age (~200kyr old)" assumed for Solana del 
Zamborino was largely based on its well-developed Acheulian lithic 
typology. Such a young age contrasts with our continuing lithostra- 
tigraphy and palaeoclimate research in the region'*'’, which indi- 
cates a final, major lake-forming event near the end of the Early 
Pleistocene (starting ~800 kyr ago) and deposition terminating in 
the Baza Basin (~600 kyr ago). A specific question in chronology 
arose after a study at the Cullar Baza-1 fossil quarry, 50 km to the 
east, where a detailed magnetostratigraphy’® found the Matuyama/ 
Brunhes boundary just a few metres below the fossil/tool levels. 
Solana del Zamborino is in a similar palaeo-environmental setting, 
with similar micro-mammals (for example, Arvicola cantianus)'? and 
now has a similar magnetostratigraphy with the Matuyama/Brunhes 
boundary only a few metres below the fossil/tool-bearing levels. 
Although much older at 760 kyr, this new age is more compatible 
with our palaeoclimate-driven model in which precipitation was 
the primary control for palaeo-lake levels, directly influencing 


Guadix-Baza 
Basin 


Solana site 


Quipar site 
Samples 


Figure 1| Location maps and geological sketch. The two sites in the Iberian 
peninsula are La Solana del Zamborino and Cueva Negra del Estrecho del Rio 
Quipar. Schematic cross-sections for each site indicate the levels with hand- 
axes (symbol) and palaeomagnetic samples (arrows). Four other 

palaeomagnetic samples were collected below the Solana quarry (not shown). 


derived from the high southern mountains (Sierra 
'Berkeley Geochronology Center, 2455 Ridge Road, Berkeley, California 94709, USA. 
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Solana del Zamborino stratigraphy and 
palaeomagnetic directions 


Estrecho del Quipar stratigraphy and 
palaeomagnetic directions 
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Figure 2 | Magnetostratigraphy and lithostratigraphy. The palaeomagnetic 
results from Solana del Zamborino and Estrecho del Quipar are shown with 
lithostratigraphic columns. Palaeomagnetic samples (arrows) are from 
vertical excavation faces, except the lower five samples at Solana del 
Zamborino and the lower two samples at Estrecho del Quipar. 
Palaeomagnetic remanence directions (A, from three specimens per level) are 
shown relative to the direction of the axial dipole field. Symbols: bone, large 
mammals; mouse, small mammals; broken cobble, lithic artefacts. 


deposition and facies migration throughout the endorheic Guadix- 
Baza Basin'*'”. Both lakeside sites have similar mammals (Table 1), 
revealing an initial fauna of the Middle Pleistocene (Toringian bios- 
tratigraphic stage)'®. 

Below the artefact levels at Solana del Zamborino we found 14m 
(n= 7 samples) of reverse polarity, whereas within and above these 
levels we found 12 m (m= 6) of normal polarity. Most of the section is 
composed of medium to coarse-grained sandstone, but for palaeo- 
magnetic analysis we preferentially sampled finer-grained beds (silt- 
stone and claystone). Solana del Zamborino’s artefact layers are 
positioned immediately above the Matuyama/Brunhes polarity 
reversal. Using the sediment accumulation rate from the stratigraphi- 
cally equivalent Cullar Baza-1 section”, the tool layers would be 10- 
30 kyr after the polarity change, giving a date of 770-750 kyr ago. 

Estrecho del Quipar is a rock shelter site on the northeastern 
margin of the Baza Basin near Caravaca de la Cruz (Murcia). Since 
1990, annual excavations have generated an abundance of complex 
lithic artefacts and animal remains, along with hominin teeth, a 
hand-axe, and a large bifacial chopper". Age estimates were initially 
Late Pleistocene'* and more recently changed to Middle 
Pleistocene'*. However, our analysis indicates reverse palaeomag- 
netic polarity throughout this 10-m accumulation of palaeosols. 
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Table 1| Mammals from southeast Iberian sites 


Pre-Jaramillo Post- Brunhes 


Jaramillo 


Palaeomagnetic chronology 


Sequences sites (Baza Basin) VM BL FN-3 HU-1 
Cavern sites CV EQ 


CB-1 SZ 


Micro-mammals 

Castillomys crusafonti rivas X X X xX xX = = 
Microtus (Allophaiomys) cf. X X X 
pliocaenicus 

Mimomys savini = = ix —- xX 
Microtus (Allophaiomys) chalinei = = & x = 
Pliomys episcopalis 
Microtus (lberomys) aff. = et eS -— xX 
huescarensis 

Microtus (Iberomys) brecciensis Xx Xx Xx 
Arvicola cantianus Xx Xx 


<< «KX 


Large mammals 
Praeovibos sp. 
Pachycrocuta brevirostris 
Megantereon sp. 
Ursus etruscus 
Canis etruscus 
Mammuthus meridionalis 
Hippopotamus antiquus 
Eucladoceros giulii 
Megaloceros sp. 
Homotherium sp. 
Stephanorhinus etruscus 
Equus altidens 
Panthera gombaszoegensis 
Elephas antiquus 
Hippopotamus major 
Bison sp. — a = 
Canis mosbachensis = a FS — = 
Sus sp. = a = = = 
Dama ‘nestii’ vallonnetensis 
Ursus sp. 
Macaca sp. = ae an te 
Crocuta crocuta = SS — aS 
Equus cf. sussenbornensis 
Mammuthus trogontherii 
Homo sp. xX xX Xx Xx 


Xx X = =~ KX X xX 


<< KKK OX 
x< 
| 
| 
| 


|x x«x&K | KKK KK KOKO 
| x «KK | KK KK OK KOK Ox 
|x x«K&K | KKK KK KOKO 
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Lithic artefacts = 


Fossil mammals from Solana del Zamborino™ (SZ) and Estrecho del Quipar'* (EQ) compared 
with magnetostratigraphically calibrated sites in the Baza Basin">"° and the cavern/mine site of 
Cueva Victoria, Murcia (CV)??. The SZ fauna match the Cullar Baza-1 (CB-1) site, which is also 
just above the Matuyama/Brunhes magnetochron boundary. The EQ fauna most closely 
correspond to the stratigraphically sequenced reference site Huéscar-1 (HU-1) in reverse 
polarity between the Jaramillo subchron and the Brunhes chron. Other site names: BL, Barranco 
Leon; FN-3, Fuentenueva-3; VM, Venta Micena. X, present at site; —, not present at site. 


Therefore, the age must be Early Pleistocene, the most recent period 
dominated by reverse polarity (1.78-0.78 Myr ago)"*. 

Human fossils from the Estrecho del Quipar excavation include 
canine and premolar teeth with non-modern dimensions'®"*. The 
large bifacial tools (hand-axe and chopping tool) were fashioned 
from limestone cobbles and excavated ~1.5 m below the top of the 
lithified Pleistocene sediment'*. Other lithic artefacts (80% chert) 
and abundant knapping debris are ubiquitous to the current limit 
of archaeological excavation (depth ~4.5 m). Lithic artefacts include 
small disc-cores and flakes, some from prepared striking platforms 
and some with centripetal and recurrent flaking, or with abrupt or 
semi-abrupt edge retouch". The lithic artefacts from Estrecho del 
Quipar reveal some of the diversity in core-reduction techniques 
already in use during the Early Pleistocene in southern Iberia. 

The Estrecho del Quipar deposit consists of ~10 m of fine-grained 
fossiliferous sediment infilling one of the relict weathering cavities 
(tafoni) which are common features in the massive limestone cliffs in 
this part of the Quipar Valley. An upper 4.2 m archaeological section 
was densely sampled for palacomagnetic analysis (1 = 13). A lower 
~2 mexploratory section was sampled (1 = 2) from outcrop, outside 
the present roof of the rock shelter. The entire deposit has both 
alluvial and soil characteristics, which we interpret as a sequence of 
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accumulating immature palaeosols. All beds have pedogenic micro- 
fabric with soil plasma incorporating variable amounts of detrital 
grains (rounded, sand-size limestone and quartz), tafoni weathering 
flakes (carbonate cemented, 1-10 mm), bone fragments plus chert/ 
limestone artefacts (sharp-edged), and occasionally large angular 
limestone fragments (rock falls, to boulder size). 

Reverse palaeomagnetic polarity was found throughout the Estrecho 
del Quipar sequence including a sample within 10 cm of the top of the 
deposit (Fig. 2). Therefore, the entire sequence, with >8 m of reversely 
magnetized palaeosols, is more than 780 kyr old, before the start of the 
Brunhes normal polarity chron (Cln). The youngest magneto- 
chronological assignment is to the late Matuyama subchron (Cl1.1r) 
in the age range 990-780 kyr ago'®. Comparing the Estrecho del Quipar 
micro-mammals (for example, Microtus huescarensis) to the chronos- 
tratigraphic sequence from the Baza Basin (Table 1) provides a close 
correspondence to Hueéscar-l, a reverse polarity fossil-quarry. 
Huéscar-1 is ~10 m below the Matuyama/Brunhes polarity boundary 
(~900 kyr ago)'®. A necessarily approximate date of ~900 kyr ago for 
Estrecho del Quipar should be used until a zone of normal polarity 
lower in the sequence might be delimited, or other chronological 
refinements develop. 

There are other possible, although less likely, correlations for the 
polarity zones being reported for these two hand-axe sites. These 
would produce older dates of 1.06Myr ago for Solana del 
Zamborino, and ~1.2 Myr ago for Estrecho del Quipar. Such older 
correlations would conflict with the reference chronostratigraphy 
(see Table 1) being developed from long overlapping stratigra- 
phic sections within the adjacent Baza Basin'*'’. For example, 
M. huescarensis, found at Estrecho del Quipar, has not been found 
in reverse polarity sites in the stratigraphic sequence, such as Venta 
Micena or Fuentenueva-3 (1.3—1.2 Myr ago)'°, until much higher at 
Huéscar-1 (~0.9 Myr ago)’®. 

This report confirms the utility of long reference chronostrati- 
graphies as age constraints for more isolated sites such as caverns 
and short stratigraphic sections. The Baza reference chronostratigra- 
phy’*"* that we are using had recently clarified the chronology of sites 
already in use as micro-mammal calibration sites for western Europe. 
This recalibration generated a clearer biochronological view at the 
boundaries of the Pliocene to Pleistocene’*””, and the Early to Middle 
Pleistocene’®. Of specific interest for the chronology of other hand- 
axe sites in Europe was the early record of Arvicola cantianus imme- 
diately above the Matuyama/Brunhes polarity boundary (~0.75 Myr 
ago)'®. This antiquity is confirmed by the polarity zonation at Solana 
del Zamborino. Unfortunately, deposition in the Baza Basin ended 
by ~0.5 Myr ago”, leaving the biochronology of the last half of the 
Middle Pleistocene to be developed elsewhere. 

The large change in dates for the two hand-axe sites in this report 
reiterates the warning against a simple connection between lithic 
typology and chronology*. The dates accepted for the numerous, 
widely dispersed archaeological sites in Europe should be critically 
evaluated and linked to developing chronostratigraphic sequences 
whenever available (see, for example, ref. 20) or linked to sites that 
have materials amenable for radiometric analysis (see, for example, 
ref. 21). The Middle Pleistocene remains a challenging period for 
chronological studies, lacking the worldwide palaeomagnetic reversals 
that are useful in identifying and subdividing the Early Pleistocene’’. 

Overall, the Early Pleistocene was a time with widespread distri- 
bution of Palaeolithic bifacial technology outside of Africa, extending 
across the eastern’, southern’, and now the western limits of temperate 
Eurasia. Our palaeomagnetic analysis indicates an older than 
expected*” Acheulian chronology in the western Mediterranean, and 
when these are combined with the Oldowan (uni-facial) lithic techno- 
logy” in the Baza Basin sites at Orce, Spain (palaeomagnetic age: 
~1.3 Myr old)'*, a hominin presence**™ in southwestern Europe is 
indicated for much of the Early Pleistocene (Fig. 3). This developing 
outline of a longer European hominin chronology also suggests that 
the barrier between Africa and Europe was permeable. Establishing 
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Figure 3 | Magnetochronology of Palaeolithic sites. The chronology of 
Early Palaeolithic sites in southern Iberia referenced to the combined 
magnetochronology and biochronology from lithostratigraphic sequences 
in the Baza Basin’*'*. Note the mid-Middle Pleistocene age of the assumed 
oldest Acheulian sites in Europe*’. GPTS, geomagnetic polarity timescale 
(see ref. 18). Drawings of Palaeolithic tools modified from refs 11, 14 and 22; 
for other symbols see Fig. 2. Scale bar divisions, 1 cm. 


secure chronologies for early hominin sites will continue to increase 
our understanding of human prehistory in Eurasia and its relation to 
Africa??* 2° 


METHODS SUMMARY 


Blocks (~12 cm ona side) were oriented while still attached to the substrate using 
magnetic compass and inclinometer. Each sample was sawn without water into 
three specimen cubes (12 cm? each), and the surfaces were sanded (to remove 
metal contamination) and cleaned with compressed air. Storage, measurements 
and laboratory experiments were made inside a room-sized magnetostatic shield 
(<350nT), equipped with a superconducting rock magnetometer (sensitivity 
10-72 Am’), an inline alternating field demagnetizer (3-axis, static), a non- 
inductive furnace (residual field <3 nT), and a magnetic susceptibility meter 
(inducing field 100 pT). 

The remanent magnetism preserved in individual sedimentary strata were 
measured and then assembled in stratigraphic position to form palaeomagnetic 
polarity zones. Of specific interest is finding the last complete polarity reversal in 
the Earth’s magnetic field, 780 kyr ago’’. This global chronological marker is 
used to approximate the boundary between the Early and Middle Pleistocene”. 
Most samples from these hand-axe sites have a well-preserved remanent mag- 
netism. Initial demagnetization experiments removed the viscous and weath- 
ering magnetizations, which are directed parallel to the modern magnetic field 
(north and down). Further thermal demagnetization exposed the characteristic 
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magnetization that has either reverse or normal polarity directions (see 
Supplementary Information for details). 
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iPS cells produce viable mice through tetraploid 


complementation 


Xiao-yang Zhao’”*, Wei Li’’*, Zhuo Lv’”*, Lei Liu’, Man Tong’”, Tang Hai’, Jie Hao’”, Chang-long Guo'”, 


Qing-wen Ma’, Liu Wang’, Fanyi Zeng’* & Qi Zhou’ 


Since the initial description of induced pluripotent stem (iPS) cells 
created by forced expression of four transcription factors in mouse 
fibroblasts, the technique has been used to generate embryonic 
stem (ES)-cell-like pluripotent cells from a variety of cell types in 
other species, including primates and rat’©. It has become a popu- 
lar means to reprogram somatic genomes into an embryonic-like 
pluripotent state, and a preferred alternative to somatic-cell 
nuclear transfer and somatic-cell fusion with ES cells”®. 
However, iPS cell reprogramming remains slow and inefficient. 
Notably, no live animals have been produced by the most stringent 
tetraploid complementation assay, indicative of a failure to create 
fully pluripotent cells. Here we report the generation of several iPS 
cell lines that are capable of generating viable, fertile live-born 
progeny by tetraploid complementation. These iPS cells maintain 
a pluripotent potential that is very close to ES cells generated 
from in vivo or nuclear transfer embryos. We demonstrate the 
practicality of using iPS cells as useful tools for the characteriza- 
tion of cellular reprogramming and developmental potency, and 
confirm that iPS cells can attain true pluripotency that is similar to 
that of ES cells. 

Several studies have shown that iPS cells resemble ES cells in mor- 
phology, gene expression profiles, and the epigenetic status of several 
pluripotency markers”'®. Notably, iPS cells have maintained their 
ability to generate chimaeras that are competent for germline 
transmission? '*, Their therapeutic potential is thought to be similar 
to that of ES cells in several disease mouse models'*’®. Despite the 
promise this technique holds for the development of patient-specific 
cell therapy, considerable technical barriers remain that must be 
overcome for application as a therapeutic intervention. To reduce 
the potential oncogenic effect of genomic integration of viral vectors, 
different combinations or reduced numbers of factors have been 
introduced, as well as the use of alternative delivery methods and 
agents'!*!7"!, However, one of the remaining technical hurdles in 
the reprogramming process is the slow and inefficient induction of 
iPS cells, especially those with a complete developmental potential 
capable of producing live-born offspring. Tetraploid complementa- 
tion is considered the most stringent test for pluripotency and 
developmental potency, as any viable live-born animals resulting 
from the injection of diploid ES or iPS cells to create the tetraploid 
(4N) embryos (blastocysts) will be from the diploid donor cells. 
The tetraploid host blastocyst primarily contributes to the extra- 
embryonic lineages and not to the embryo proper*”’. Unlike pluri- 
potent ES cells generated from in vivo or somatic-cell nuclear 
transfer (SCNT)-produced embryos, all previous studies have failed 
to produce viable offspring from iPS cells through tetraploid 
complementation”**. 


Here we report the generation of 37 iPS cell lines that not only 
express the correct pluripotency markers by in vitro assays, but many 
are also able to produce chimaeric mice with germline transmission 
by blastocyst injection. Three of these lines produced viable, live- 
born offspring by tetraploid complementation. 

We infected mouse embryonic fibroblast (MEF) cells expressing an 
Oct4 (also known as Pou5fl)-enhanced green fluorescent protein 
(GFP) reporter with the four ‘Yamanaka factors’’*: pMXs-Oct4, 
Sox2, Klf4 and c-Myc, and cultured the cells as previously reported” 
with modifications such that knockout serum replacement 
(KOSR)*°*’ was substituted for fetal bovine serum (FBS) for iPS cell 
derivation. At day 10, alkaline phosphatase* and GFP* colonies were 
detected and iPS cell lines were derived at days 14, 20 and 36 (Fig. 1a). 
From several experimental runs, 31 GFP* colonies were obtained 
and yielded stable cell lines (Supplementary Table 1). In addition 
to the Oct4d—GFP MEF cells from a B6D2F1 genetic background, 
six iPS cell lines from MEF cells with a C57 X 12982 background were 
also generated (IP14D-101-106). Because our laboratory does not 
maintain any ES or SCNT-ES cell lines of this genetic background, 
these iPS cells could only result from induced fibroblasts (Table 1). 

Pluripotency markers such as Oct4, Nanog and SSEA1 were 
expressed (Fig. 1b), and the cell lines were predominantly diploid 
with normal 40 chromosome karyotypes (Supplementary Fig. 1). 
Bisulphite sequencing showed demethylation of Oct4 and Nanog 
promoters in three iPS cell lines tested compared to the parental 
Oct4—GFP MEF cells, a pattern similar to that from normal ES cells 
(Supplementary Fig. 2) reflecting the epigenetic remodelling that 
occurred during reprogramming. Teratomas with all three germ 
layers determined by histological analyses were observed from iPS 
cells injected into severe combined immunodeficient (SCID) mice 
(Fig. 1c), indicating a considerable degree of pluripotency. 
Quantitative reverse transcription—polymerase chain reaction (RT-— 
PCR; Supplementary Fig. 3) demonstrated that the transgenes were 
almost completely silenced in the iPS cell lines tested (IP36D, IP20D 
and IP14D), similar to previous reports'” suggesting that the main- 
tenance of iPS cell lines mainly requires the endogenous genes of 
these four factors. 

To test pluripotency further, we randomly selected one or two cell 
lines from each of the experimental runs, and injected them into 
normal CD-1 blastocysts that were transferred to CD-1 pseudopreg- 
nant recipient females. As shown in Table 1, IP36D and IP20D cell 
lines produced many live mice with 5—80% chimaerism, qualitatively 
assessed by coat colour. Germline transmission was noted in two of the 
four lines. Five of the thirteen IP14D iPS cell lines (four with B6D2F1 
and one with a C57 X 12982 background) were randomly selected, 
and all resulted in live chimaeric mice with 10-95% chimaerism. From 
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Figure 1| Characterization of the iPS cells generated in 20% knockout 
serum replacement culture systems. a, Cell morphology. Top, Oct4d—GFP 
MEF cells at day (D) 0 (before viral infection) and day 4 (just before replating 
onto MEF feeder cells), Bottom, morphology of GFP * cells at days 10, 14 and 
20. b, Immunostaining for pluripotency markers in Oct4—GFP iPS cells. 
Positive GFP fluorescence (green) and Oct4, Nanog and SSEA1 (purple) 
were observed. DNA was stained by propidium iodide (red). Shown are 
examples from the IP20D-3 line. The other two cell lines analysed also gave 
the same pattern. c, Teratoma formation. Sections were stained with 
haematoxylin and eosin. Shown are tissues representative of all three germ 
layers: minor salivary gland (endoderm), neuroepithelial (ectoderm) and 
striated muscle (mesoderm). Original magnification, < 100. 


Table 1| Developmental efficiency of embryos produced 
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this source, three of the five lines were germline-transmitted to the 
next generation (Fig. 2). Thus, our iPS cell lines are competent for 
germline transmission with higher efficiency in the IP14D group com- 
pared to IP20D and IP36D. 

Until now, the developmental potential of iPS cells could not be 
fully evaluated because embryos generated from iPS cells using tet- 
raploid complementation (“iPS 4N-comp’) were viable only into the 
later stages of gestation”’**, demonstrating that complete pluripo- 
tency had not been attained. When we injected our iPS cells into 
tetraploid CD-1 blastocysts (white coat), we observed complete 
development potential resulting in the birth of live pups. Different 
iPS cell lines were not equally successful in producing viable off- 
spring, although all were competent for germline transmission 
through chimaeric mice. Cell lines IP36D-3, IP20D-3 and IP20D- 
19 showed early termination of fetal development at embryonic day 
(E) 13.5 and E15.5 (Table 1). There seems to be a developmental 
advantage for the cell line derived at day20 compared to day 36 
(8.8% of IP20D-19 versus 1.7% of IP36D-3 reached E13.5). One 
IP20D-3 embryo developed normally until E15.5 (Table 1). 
Figure 2a and b show iPS 4N-comp embryos with normal embryonic 
morphology collected at E9.5and E13.5. In contrast, when we 
injected cells from IP14D-1 (derived from GFP* colonies at day 
14) into tetraploid blastocysts, 22 live-born pups were obtained 
(3.5%), as well as four embryos (0.6%) that developed to E17.5. 
Two other IP14D lines with B6D2F1 and C57 X 129S2 backgrounds 
(IP14D-6 and IP14D-101, respectively) were able to produce live iPS 
4N-comp pups. The rate of iPS 4N-comp animal production is sim- 
ilar to the rate from normal ES cells in our laboratory (Table 1). The 
IP14D 4N-comp pups have survived from 2 days to almost 9 months 
so far. The black mouse in Fig. 2f represents one of the live iPS 4N- 
comp mice at 15 weeks. Note the uniform black coat of this ‘all-iPS’ 
mouse, resembling the coat colour of the original line of the Oct4— 
GFP MEF cells (B6D2F1) from which it was derived. 

To identify clearly the lineage of the cells and the 4N-comp mice, 
simple sequence length polymorphism (SSLP) analyses followed by 
PCR for various marker genes were performed. The iPS 4N-comp 
mice differed from the CD-1 mice at markers consistent with a 
B6D2F1 lineage or the C57 X 12982 origin, but had exactly the same 
profiles as the iPS cell lines from which they were derived (Fig. 2c). 
This was confirmed by PCR analysis of unique microsatellites 
(Fig. 2d). The iPS cell lines, 2N chimaeric mouse and offspring, iPS 
4N-comp mice and their progeny mated to CD-1 females all yielded 
the expected inheritance patterns, confirming that the IP14D-1 
lineage of the iPS 4N-comp adults is distinct from the CD-1 mouse. 
Furthermore, Southern blot analysis and reverse PCR results inde- 
pendently confirmed that the viral integration patterns in the iPS 4N- 
comp mice are identical to the three iPS cell lines from which they 
originated (Supplementary Figs 4 and 5). 

To study the embryonic development of offspring from iPS 4N- 
comp mice, a 7-week-old male mouse carrying Oct4—GFP was mated 
to a CD-1 female. The iPS mouse was capable of impregnating the 
dam and producing viable preimplantation stage embryos with 
normal morphology and without developmental delay. GFP* 


Cell line 2N injection AN injection (%) 

Injected blastocysts Live chimaeras §Chimaerism (%) Germ line Injected blastocysts Embryos arrested at Embryos arrested Live pups 

E10.5-E13.5 at E15.5-E17.5 

IP14D-1 135 6 20-95 Yes 624 7 (1.1) 4 (0.6) 22 (3.5) 
IP14D-6 97 10 20-90 Yes 43 = = 1 (2.3) 
IP14D-101 360 18 10-90 Yes 181 15 (8.3) = 4 (2.2) 
IP20D-3 236 14 20-80 Yes 204 6 (2.9) 2 (1.0) 0) 
IP20D-19 48 4 10-70 Yes 273 24 (8.8) = 0) 
IP36D-3 233 6 5-70 Not yet 229 4(1.7) 0 0 
Control (ES1) NT = = = 100 = = 3 (3.0) 
Control (CL11) NT - - om 51 5 (9.8) = 1 (2.0) 


Embryos were produced by blastocyst injection (2N) and tetraploid complementation (4N). IP14D-101 has a genetic background of C57 X 129S2, whereas the rest are from C57 X DBA F, (B6D2F1). 


NT, not tested. 
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Figure 2 | In vivo developmental potential of iPS cell lines generated by 
tetraploid complementation. Ten to fifteen iPS cells (B6D2F1, black coat 
colour) were injected into each CD-1 (white coat colour) tetraploid 
blastocyst electrofused at the two-cell stage, and then transferred into 
pseudopregnant female recipients. Embryos derived from tetraploid 
blastocyst injection were dissected on E9.5, E13.5 and on the day of birth 
(E19.5). a, A live E9.5 IP36D-3-derived embryo (left) with 18 somites 
(middle left). Primordial germ cells migrate along hind-gut mesentery 
(middle right). Oct4—GFP-positive migrating primordial germ cells are 
shown (right). b, A live E13.5 embryo (left) with placenta derived from 
IP20D-3. Male gonad and mesonephros of fetus (middle left) are shown. 
Oct4—GFP is positive (right) in male gonadal germ cells in fetal testes 
(middle right). c, SSLP analysis for lineage identification covers markers 
from different chromosomes, and the 4N mice showed a polymorphic 
pattern similar to that from the parental MEF cells originating from B6D2F1 
or C57 X 12982 chimaeras, and different from the CD-1 tetraploid 


embryos were observed at the morula and blastocyst stages, coincid- 
ing with the timing of Oct4 expression (Fig. 2e). All the progeny 
presented with a uniform brown coat colour typical of matings 
between a black B6D2F1 (that is, iPS 4N-comp) and a white CD-1 
mouse (Fig. 2g). This is in contrast to the progeny obtained from the 
mating of the germline transmittable chimaeric mouse (2N) pro- 
duced by the same iPS cells by blastocyst injection into a CD-1 mouse 
(Fig. 2h). This latter process gives rise to a combination of brown- 
and white-coated offspring. This further demonstrated the viability 
and normal productivity of the iPS 4N-comp mice, and reflects the 
true pluripotency of the iPS lines that are capable of producing live 
iPS 4N-comp mice. 

Global gene expression in iPS cell lines that are capable of pro- 
ducing 4N-comp or 2N germline transmittable mice was analysed as 


blastocyst donor. M denotes molecular mass marker. d, Microsatellite 
markers detect differences between CD-1 and parental patterns of the inbred 
C57 and DBA or a hybrid C57 X 12982 strain, differentiating DNA from the 
iPS cell lines and the corresponding 4N-comp mouse, from a 2N chimaeric 
mouse or the 4N-comp X CD-1 F, offspring. e, Oct4d—GFP positive morula 
(top) and blastocyst (bottom) flushed from CD-1 mated with an IP14D-1 4N 
mouse. Phase (left), fluorescence (middle) and merged (right) images are 
shown. Original magnification, < 200. f, A fifteen-week-old iPS-tetraploid 
male mouse derived from IP14D-1, with a uniformly black coat of the 
B6D2F1 strain from which Oct4d—GFP MEF cells originate. The pups lying 
next to it are its F; progeny from its mating to a CD-1 dam. g, The F; pups 
shown in f developed a uniform brown coat, typical of a mating between 
B6D2F1 (that is, iPS 4N-comp) and CD-1 mice. h, A chimaeric mouse (2N) 
produced from blastocyst injection with IP14D-1 cells. When the mouse is 
mated to a CD-1 mouse, the progeny are a combination of brown and white 
coat colours. 


reported previously (Fig. 3). The expression of pluripotency 
markers (Oct4, Nanog and Sox2) as well as other regulators was 
similar between the iPS and the ES cells, distinct from that of the 
MEF cells (Fig. 3a and Supplementary Fig. 6). Hierarchical clustering 
analysis grouped all of the iPS cells with the ES cells, and not with the 
MEF cells (Fig. 3b). Clearly, the global expression pattern of 4N- 
comp iPS cells resembles ES cells that are tetraploid competent— 
an assay considered to be the gold standard for true pluripotency. 
We generated 37 iPS lines that demonstrated ES-like characteris- 
tics and enhanced developmental potentials through retroviral infec- 
tion with the four Yamanaka factors. Three iPS lines are capable of 
generating 4N-comp mice; so far 27 have been born, some of which 
have matured and are reproductively competent. The reprogram- 
ming of these iPS cells should be further investigated to identify 
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Figure 3 | Global gene expression analysis of iPS cell lines competent for 

tetraploid complementation. a, Scatter-plots compare the expression values 
for all probe sets from genome-wide transcription profiling derived from ES 
(CL11), IP14D-1 and IP14D-101 cell lines that are capable of 4N-comp, or 
IP20D-3 that is a germline transmittable iPS line, or the parental Oct4—GFP 


factors critical for determining the higher developmental capacity of 
iPS cell lines derived from clones picked earlier in the reprogramming 
process, perhaps at time point(s) critical for epigenetic regulation. It 
would be interesting to determine whether iPS cells produced from 
direct reprogramming use different mechanisms for altering the 
genome compared to SCNT. Our result provides the first, to our 
knowledge, definitive evidence that iPS cells are truly pluripotent, a 
characteristic that is critical for important applications such as thera- 
peutic interventions. 


METHODS SUMMARY 


iPS cells were generated from MEF cells with different genetic background as 
described’, with the exception of culturing in 20% knockout serum replacement 
(KOSR) (Gibco) instead of FBS. Thirty-seven colonies were obtained for deriva- 
tion, and all yielded stable cell lines. iPS cell lines derived at different time points 
were further confirmed for pluripotent properties by alkaline phosphatase stain- 
ing and immunofluorescent analysis of SSEA1 (Chemicon), Oct4 (Santa Cruz) 
and Nanog (Chemicon). Teratoma assays were performed by injecting iPS cells 
into the subcutaneous flanks of SCID mice, followed by histological examination 
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MEF cells that produced IP14D-1 and IP20D-3. Parallel diagonal lines 
indicate twofold expression difference thresholds. b, Hierarchical clustering 
of microarray data for differentially expressed genes from these various lines. 
Tree branch distance scale = 1 — r; in which r is Pearson’s correlation 
coefficient. Rep, replicate. 


of the tumours 4-5 weeks later. Bisulphite genomic sequencing, karyotype ana- 
lysis, SSLP analysis, reverse PCR, and Southern blot analysis were performed. 
Tetraploid embryo complementation was carried out as described by injecting 
iPS cells (B6D2F1, black coat origin) into CD-1 tetraploid embryos (white coat 
colour), and the embryos derived from tetraploid blastocyst injection (4N) were 
dissected in handling medium on E9.5, E13.5 and the day of birth (E19.5), and 
analysed for morphology and developmental competency. Finally, global gene 
expression in ES cells as well as iPS cell lines with different developmental 
competence was analysed as reported”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cell culture. ES cells and iPS cells were cultured as previously described” on 
mitomycin-C-treated MEF cells with DMEM (Gibco) plus 15% FBS (Gibco), 
1,000 U ml! LIF (Chemicon), 2 mM glutamine (Sigma), 1 mM sodium pyruvate 
(Sigma), 0.1 mM f-mercaptoethanol (Sigma) and 0.1 mM non-essential amino 
acids. For iPS derivation, DMEM/F12 (1:1, Gibco) and 20% knockout serum 
(Gibco) was used instead of DMEM with 15% FBS. ES and iPS cells were passaged 
every 2 days. Oct4—GFP MEF cells (of a B6D2F1 genetic background, that is, F; of 
C57BL/6) X DBA/2J) used for the generation of iPS cells were isolated from E13.5 
embryos containing an Oct4—GFP reporter”’, and were cultivated with DMEM 
plus 10% FBS (Gibco) before retroviral infection. MEF cells for iPS derivation 
were also made from E13.5 embryos of a C57 X 12982 background. 

Note that all of the animals that were used for cell culture or for reproductive 
studies were handled according to the Guidelines for the Care and Use of 
Laboratory Animals established by the Beijing Association for Laboratory 
Animal Science. 

Retroviral production and infection. Retroviral production and infection fol- 
lowed the previously published protocol’. In brief, the four retroviral vectors 
(pMXs-Oct4, Sox2, c-Myc and KIf4) were introduced into plat-E cells using 
lipofectamine 2000 transfection reagent (Invitrogen) according to manufacturer’s 
recommendations. After overnight transduction, the medium was replaced. 
Another 24h later, the virus-containing supernatants were collected and filtered 
through a 0.45-~1m cellulose acetate filter (Millipore), supplemented with 
4g ml! polybrene (Sigma). Oct4—GFP MEF cells (seeded at 2 X 10° cells per 
10-cm culture dish) were incubated with virus-containing supernatants for 48 h 
with medium change at 24h before replacement with regular media. Two days 
after infection, the infected Oct4—-GFP MEF cells were replated with 2.5 x 10* cells 
per 35-mm dish on mitomycin-C-treated MEF feeder layers. 
Immunofluorescence analysis and alkaline phosphatase staining. Cells were 
fixed with 4% paraformaldehyde for 30 min and then permeabilized with 0.5% 
Triton X-100 for 30 min followed by blocking with 2% BSA (Sigma). Cells were 
incubated in primary antibody overnight at 4°C and secondary antibody at 
room temperature for 1h. The following antibodies were used: SSEA1 
(Chemicon), Oct4 (Santa Cruz), Nanog (Chemicon). Alkaline phosphatase 
staining was performed with BCIP/NBT Alkaline Phosphatase Colour 
Development Kit (Beyotime) according to manufacturer’s instructions. 
Teratoma formation and histological analysis. iPS cells were trypsinized and 
suspended at 1 X 10’ per ml. One-hundred microlitres of the cell suspension was 
injected into the subcutaneous flanks of the SCID mice. Four to five weeks later, 
the mice were euthanized and the tumours were fixed and sliced. Sections were 
stained with haematoxylin and eosin. 

Diploid blastocyst injection and tetraploid embryo complementation. Diploid 
blastocysts were gently flushed out from the uteri of E3.5 timed-pregnant mice with 
CZB medium*". The generation of mice by tetraploid embryo complementation 
was carried out as previously described”. In brief, two-cell embryos were collected 
from oviducts of CD-1 females (white coat colour), electrofused to produce one-cell 
tetraploid embryos that were then cultured in CZB media. Ten to fifteen iPS cells 
(originally with a B6D2F1 genetic background, or black coat colour) were injected 
into each tetraploid blastocyst and transferred to CD-1 pseudopregnant recipient 
females. Embryos derived from tetraploid blastocyst injection (4N) were dissected 
in handling media on E9.5, E13.5 and the day of birth (E19.5), respectively. 
Bisulphite genomic sequencing. Bisulphite treatment of the genomic DNA was 
performed with the EpiTect Bisulfite Kit (Qiagen) according to the manufacturer’s 
instructions. Oct4 and Nanog promoter regions were amplified with nested primers 
(Supplementary Table 2). The first round of PCR was performed as follows: 94 °C for 
5 min; 35 cycles of 94 °C for 30 s, 59 °C for 45 s, 72 °C for 30 min; and 72 °C for 7 min. 
The second round of PCR was the same. The PCR products were cloned into pMD18- 
T vectors (Takara). Ten randomly selected clones were sequenced and analysed. 
Karyotype analysis. Karyotype analysis was conducted using standard murine 
chromosome analysis protocols. 

Determination of the SSLP by PCR. Sequences for the primer pairs were found 
on the Mouse Genome Informatics website (http://www.informatics.jax.org/). 
DNA was extracted from tail tips of the mouse or cell pellet in culture and typed 
as described”. Products were separated by 3% agarose gels and visualized by 
ethidium bromide staining. 

PCR amplification of lineage-specific microsatellite loci. DNA from mouse 
tails of CD-1, C57, DBA, B6D2F1, 129, one IP14D-1 4N-comp mouse, one 
offspring of the IP14D-1 4N-comp mouse, one IP14D-1 chimaera, one 
IP14D-1 chimaera with germline transfer, one IP14D-101 4N-comp mouse, 
one IP14D-101 chimaera, and from cell lines of Oct4d—-GFP MEF cells and 
IP14D-1 were prepared using a QIAamp DNA Mini Kit (Qiagen) according to 
the manufacturer’s protocol. Amplification of lineage-specific microsatellite 
DNA was performed according to the procedure described previously”’. 
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Southern blot analysis. To detect the viral integration of the transgene, genomic 
DNA was extracted by the classical phenol—chloride extraction method. Twenty- 
five micrograms of genomic DNA was digested with BglII (Takara) for trans- 
genic c-Myc detection and BamH1 (New England Biolabs) for transgene Oct4 
detection. Digested DNA was electrophoresed in 0.8% agarose gel overnight and 
transferred onto positive charged nylon membrane (Millipore). Hybrydization 
was performed at 67 °C with radioactively labelled cDNAs prepared by Prime-a- 
Gene Labelling System (Promega). Primers used to synthesize the probes were: 
c-Myc forward, 5'-ACTCCGTACAGCCCTATTTC-3'; c-Myc reverse, 5’-TTCA 
GCTCGTTCCTCCTCT-3’; Oct4 forward, 5'-TGGACACCTGGCTTCAGA-3’; 
Oct4 reverse, 5'-AGCAGTGACGGGAACAGA-3’. 

Reverse PCR. Genomic DNA was extracted from the iPS cell lines IP14D-1, 
IP14D-6 and IP14D-101, as well as from the tails of IP14D-1 4N-comp, IP14D- 
6 4N-comp, IP14D-101 4N-comp mice and a normal B6D2F1 mouse using a 
QIAamp DNA Mini Kit (Qiagen) according to the manufacturer’s protocol. The 
integration patterns of theses samples were identified by reverse PCR (also known 
as inverse PCR, iPCR) procedures™’. Two micrograms of genomic DNA of those 
mice was digested with two restriction enzymes (BglII and BamHI, New England 
Biolabs) that have cohesive ends, and cut at least once in pMXs plasmids between 
the 5’-long terminal repeat (LTR) and the 3’-LTR. The digests were purified by 
phenol-chloroform extraction and ethanol precipitation, then resuspended in 
200 11 ligation reaction with 1,000U T4 DNA ligase (New England Biolabs). 
After incubation at 22°C overnight, ligated DNA was extracted with phenol- 
chloroform and precipitated with ethanol, then resuspended in 15 ll water. The 
nested iPCR amplifications across the 3’-LTR junction were conducted by using an 
Advantage 2.0 PCR kit (Clontech). Oct4-specific primers used were: first round: 
forward, 5'-GCCCCCACTTCACCACACT-3’; reverse, 5’-AGGCCTCGAAGCG 
ACAGAT-3'; second round: forward, 5’-GAGGTAGACAAGAGAACCTGG 
AGC-3’; reverse, 5’-GCAAAGTCTCCACGCCAAC-3’. 

Reverse transcription and quantitative PCR analysis. To test the expression of 
pluripotent genes with endogenous and transgenic origin, total RNA was iso- 
lated using TRIzol reagent (Invitrogen) and first-strand complementary DNA 
was synthesized using SuperScript III Reverse Transcriptase (Invitrogen) and 
oligo-dT (Promega) according to manufacturer’s instructions. qPCR was per- 
formed using SYBR green (Sigma) on an ABI 7000 instrument. Primer sequences 
for each gene are listed in Supplementary Table 3. 

Microarray analysis. Miroarray analysis was performed as_ previously 
reported’***°. Total RNA was extracted from three replicates of each cell line, 
including the following: CL11 (a B6D2F1 background ES cell line from which 
we recently succeeded in generating live 4N-comp animals, provided by S. Gao, 
National Institute of Biological Sciences), IP14D-1, IP14D-101 (4N-comp 
capable iPS cell lines), IP20D-3 (2N germline transmittable) and MEF (Oct4— 
GFP) cells using TRIzol reagent (Invitrogen). RNA mass and size distribution 
were determined using the Agilent Bioanalyser with RNA 6000 Nano LabChips, 
and 2.5 ug of total RNA was used as initial template for biotin-labelled cRNA 
amplification with GeneChip One-Cycle labelling kit (Affymetrix). Fifteen micro- 
grams per replicate of fragmented cRNA was hybridized to MOE430 2.0 
GeneChips (Affymetrix) then washed and stained on fluidics stations and scanned 
using a GCS3000 scanner according to the manufacturer's instructions. 
Expression Console (with MAS5) was used to quantify microarray signals with 
default analysis parameters and global scaling to target mean = 150. Scatter-plot 
was used to display the expression values for all probe sets from genome-wide 
transcription profiling derived from the different samples. Hierarchical clustering 
was performed using the NIA Array Analysis Tool (http://lgsun.gre.nia.nih. 
gov/ANOVA/index.html) to visualize inter-relationships between different cell 
lines using all microarray data and the subset of significantly different genes by 
multi-class analysis of variance (ANOVA) with multiple testing correction. The 
expression profiles of selected key pluripotent marker genes were also plotted for 
comparison. The microarray data for each sample were deposited with the Gene 
Expression Omnibus repository (www.ncbi.nlm.nih.gov/geo) under accession 
number GSE16925. 
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cells 
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Recent landmark experiments have shown that transient over- 
expression of a small number of transcription factors can re- 
program differentiated cells into induced pluripotent stem (iPS) 
cells that resemble embryonic stem (ES) cells’’. These iPS cells 
hold great promise for medicine because they have the potential 
to generate patient-specific cell types for cell replacement therapy 
and produce in vitro models of disease, without requiring embry- 
onic tissues or oocytes*””. Although current iPS cell lines resemble 
ES cells, they have not passed the most stringent test of pluripotency 
by generating full-term or adult mice in tetraploid complementa- 
tion assays*"', raising questions as to whether they are sufficiently 
potent to generate all of the cell types in an organism. Whether this 
difference between iPS and ES cells reflects intrinsic limitations of 
direct reprogramming is not known. Here we report fertile adult 
mice derived entirely from iPS cells that we generated by inducible 
genetic reprogramming of mouse embryonic fibroblasts. Producing 
adult mice derived entirely from a reprogrammed fibroblast shows 
that all features of a differentiated cell can be restored to an embry- 
onic level of pluripotency without exposure to unknown ooplasmic 
factors. Comparing these fully pluripotent iPS cell lines to less 
developmentally potent lines may reveal molecular markers of 
different pluripotent states. Furthermore, mice derived entirely 
from iPS cells will provide a new resource to assess the functional 
and genomic stability of cells and tissues derived from iPS cells, 
which is important to validate their utility in cell replacement 
therapy and research applications. 

Historically, the only way to generate an adult mammal was by 
fertilization. Advances in somatic cell nuclear transfer (SCNT) have 
now produced genetically identical mouse clones from a variety of 
differentiated cell types, from fibroblasts to neurons'”'*. Similarly, 
genetically identical adult mice may be derived from ES (or SCNT- 
ES) cells by tetraploid blastocyst complementation, in which all adult 
tissues derive from the stem cell line whereas extraembryonic tissues 
are supplied by the tetraploid cells’*’’. For unknown reasons, current 
iPS cell lines have not generated adult or full-term mice in tetraploid 
complementation assays. This finding, and recent reports of re- 
producible gene expression differences between iPS and ES cells, 
suggests that direct reprogramming may be insufficient to restore 
differentiated cells to full pluripotency, as measured by ES cell equi- 
valence*'''®. Autonomous generation of mice from iPS cells would 
validate direct reprogramming as equivalent to reprogramming by 
SCNT, establish iPS cells as functional substitutes for ES cells, and 
provide a new method to generate adult mice from differentiated 
cells. 

To conclusively demonstrate that iPS cell lines can generate adult 
mice in tetraploid complementation assays, we designed a genetic 


marking strategy to distinguish between host blastocyst and iPS- 
derived cells. We established mouse embryonic fibroblasts (MEFs) 
from animals generated by a cross of two mouse lines (Pcdh21/Cre 
and Z/EG, Fig. 1a). The Z/EG transgene labels most cells in an animal 
with a visible marker (B-geo, a fusion of the B-galactosidase and 
neomycin genes)'’, whereas the Pcdh21/Cre modification results in 
Cre expression in rare neuronal subtypes, but not in ES cells'*. Cre 
expression causes excision of the floxed B-geo gene, resulting in green 
fluorescent protein (GFP) expression in olfactory bulb mitral cells, a 
feature we exploit later (Fig. 1a). 

We reasoned that the inappropriate expression of reprogramming 
genes during development could inhibit embryonic and postnatal 
development. Therefore, we designed a drug-inducible lentiviral 
reprogramming strategy to achieve tight control of transgene expres- 
sion in iPS cells and their derivatives (Fig. 1b)'®. The four original 
reprogramming factors (Oct4 (also known as Pou5f1), Sox2, Klf4 and 
c-Myc) were placed under control of the tetO promoter, which is 
activated by the reverse tetracycline transactivator (rtTA) protein in 
the presence of the tetracycline analogue doxycycline (dox). We used 
an enhanced version of the rtTA transcriptional activator protein 
(rtTAM2.2) that induces higher gene expression levels than the 
rtTAM2 protein’’. To promote complete reprogramming and to facil- 
itate isolation of fully reprogrammed iPS cells we exposed MEFs to the 
histone deacetylase inhibitor valproic acid (VPA), which has been 
reported to enhance reprogramming efficiency and to select against 
incompletely reprogrammed cells by inhibiting cell division*'” (see 
Methods). 

Reprogramming of Pcdh21/Cre—Z/EG fibroblasts by this method 
resulted in ES-cell-like colonies after five (with dox plus VPA) to seven 
(dox only) days of dox induction (Fig. 1c, d and Methods). No 
colonies emerged in the absence of dox, which demonstrates both 
the inducibility and specificity of our system. We subcloned 21 
colonies from the dox-plus-VPA-treated cells, which we refer to as 
iMZ iPS cell lines. 

At present, there is no established method to select iPS cells that will 
contribute to all of the tissues of an organism. To prioritize the iMZ 
cell lines for tetraploid complementation assays, we assessed lines for 
similarity to ES cells by morphology, proliferation rate, expression of 
pluripotency markers and ability to generate embryoid bodies 
(Figs 1d, 2d and Supplementary Figs 2 and 3). We also exploited 
our cell-type-specific Cre line to determine whether embryoid bodies 
made from our iMZ lines could generate cells that resembled olfactory 
bulb mitral cells on the basis of neuronal morphology and GFP 
expression (Fig. le and Supplementary Fig. 3). Using these criteria, 
we selected 12 candidate lines for karyotype analysis (Supplemen- 
tary Figs 4, 5 and Methods). To establish the pluripotency of lines 


'Department of Cell Biology, 7*Mouse Genetics Core Facility, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 92037, USA. ?Medical Scientist 


Training Program, University of California, San Diego, La Jolla, California 92037, USA. 
*These authors contributed equally to this work. 


91 


©2009 Macmillan Publishers Limited. All rights reserved 


LETTERS 


a Neuronal Cre 


recombination 
Pedh21/Cre Pcdh21 ~ IRES }CRE SS CAAGS g/loxP’ GFP 
value CAAGS5 loxP B-geo - loxPs GFP — CAAGS BloxP B-geo 


Other tissues: 
no recombination 


[ pFU-rtTAM2.2 | pTRE-RFs (4) 
is x 
Ss LTR pUubC TA = 3 0TR a LTR Mm pTRE | RF(4) = 3’LTR 
OMe ita TRE) REG) Mm 3/LTR 
c ; : 
Virus -dox -VPA — 


+dox +VPA 


Colonies 
appear 


Colonies picked 
and expanded 


Figure 1| Generation of iPS cells. a, Genetic marking strategy. Z/EG cells 
express B-geo. Rare neurons express Pcdh21/Cre causing GFP expression. 
b, Drug inducible reprogramming. Reprogramming factors (RFs; Oct4, 
Sox2, c-Myc or KIf4) are controlled by the dox-inducible promoter (pTRE). 
The rtTAM2.2 is constitutive (pUbC; ubiquitin promoter). 

c, Reprogramming timeline (x-axis: days after transduction). Dox and VPA 
treatment began on day 4 and ended on day 23. P, passage. d, Brightfield 
images (top row) of iMZ cell lines and ES cells (ESC). Immunofluorescence 
staining (middle and bottom rows) of iMZ lines for pluripotency markers 
Nanog (green), SSEA1 (red) and nuclei (stained with 4,6-diamidino-2- 
phenylindole (DAPI), blue). e, iMZ iPS-cell-derived embryoid bodies 
contain GFP-positive cells. Scale bars, 100 tum. 


generated in this model, we tested three euploid lines (iMZ-9, -11 and 
-21) in diploid blastocyst injection assays. All tested lines contributed 
to chimaeric mice on the basis of coat colour. Line iMZ-9 iPS cells 
generated several mice with nearly 100% agouti fur (Supplementary 
Fig. 6). All iPS cell lines contributed to all germ layers based on 
expression of the B-geo transgene in several tissues (Supplementary 
Fig. 7), production of GFP* cells in the olfactory bulb (Fig. 2c), and 
the germline transmission of lines iMZ-9 and iMZ-11 (data not 
shown). 

Southern blot analyses showed that lines iMZ-9 and iMZ-21 have 
identical patterns of proviral insertions and thus, these lines are probably 
derived from the same initial transduced MEF (Fig. 3b and Sup- 
plementary Fig. 9). After induction of transgene expression during iPS 
cell derivation, iMZ MEFs were split only once. Therefore, these two 
independently isolated iPS cell lines potentially experienced different 
stochastic events during reprogramming, which can confer different 
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Wild type iMZ-15 mouse iMZ-9 mouse 


iMZ-9 chimaera iMZ-11 chimaera iPS mouse 


Figure 2 | Adult mice derived from iMZ cell lines. a, Far left, iPS mice 
(postnatal day (p) 6) exhibit pigmented skin in comparison to CD-1 mice. 
Middle left, iPS mice (postnatal day 10) and age-matched albino CD-1 pups. 
Middle right, adult iMZ-9 iPS mouse (4 weeks) is morphologically normal. 
Far right, germline transmission by 12-week iMZ-9 mouse (left) shown with 
2-week-old progeny (agouti) and mother (white). b, Tissue sections from a 
postnatal day 10 Pcdh21/Cre-Z/EG mouse (top), iPS mice derived from 
iMZ-9 and iMZ-15 cell lines (middle) and wild-type mouse (bottom) stained 
with X-gal (blue). Scale bars, 100 Lum. ¢, Contribution to the olfactory bulbs 
of postnatal day 0 chimaeric mice (i{MZ-9 and iMZ-11) and an iMZ-9 iPS 
mouse. Sections were stained for GFP (green, mitral cells), B-galactosidase 
(red, Z/EG cells) and nuclei (blue, TOTO-3). Original magnification, 400. 


epigenetic alterations and variable developmental potential on other- 
wise identical cell lines?***. For these reasons, we refer to iMZ-9 and 
iMZ-21 as independent lines. 

To determine whether these iMZ lines could generate full-term or 
adult mice, we performed tetraploid complementation assays. In a 
series of independent experiments, we injected albino tetraploid blas- 
tocysts with cells derived from iMZ-9, iMZ-11, iMZ-15 and iMZ-21 
and from two other iPS cell lines (iNZ-3 and iNZ-19) (Table 1 and 
Supplementary Methods). We performed Caesarean section on the 
evening before scheduled delivery and obtained breathing pups, 
termed iPS mice, with normal morphology from lines iMZ-9 (four 
viable pups, three either non-viable or cannibalized after fostering, 13 
apparently viable on embryonic day (E) 16.5 or E17.5), iMZ-21 (ten 
viable pups, eight non-viable), iMZ-15 (one live pup with a herniated 
umbilical cord, one full-term pup with respiratory failure, one 
cannibalized) and iMZ-11 (one live pup, later cannibalized). Lines 
iNZ-3 or iNZ-19 did not generate full-term pups (Table 1 and 
Fig. 2a). 

Most surviving pups show no obvious morphological abnormalities 
(Fig. 2a). Non-viable pups typically presented with difficulty breathing, 
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Figure 3 | Genetic analyses of iPS mice. a, PCR assay of genomic DNA for 
the Cre (left) and Z/EG (right) genetic insertions in iMZ iPS cells and mice. 
The positive control (+) is Pcdh21/Cre—Z/EG tail DNA. No bands are seen in 
the negative control (—) (no DNA) and ES cell lanes. M denotes molecular 
mass marker. b, Southern blots of genomic DNA from iMZ cell lines and an 
iMZ-9 iPS mouse show similar patterns of insertions. Probes were coding 
sequences of the Oct4 (left) or rtTAM2.2 (right) genes. Pcdh21/Cre mice and 
wild-type ES cells are controls. Asterisks denote endogenous bands. 

c, Microsatellite PCR assay for tetraploid cells. Band size distinguishes iMZ 
cells from tetraploid host strains (C57BL/6J-Tyr*7 (C57) and BALB/cByJ 
(Blb)). Left, DNA titration curve demonstrates 5% detection limit. Right, 
analysis of DNA from tissues derived from an iPS mouse (iMZ-9). B, brain; 
H, heart; K, kidney; L, liver; Sk, skin; Sp, spleen; T, thymus. d, Albino allele 
PCRassay. Left, albino Tyr~7 allele PCR assay can detect 0.5% tetraploid cell 
DNA diluted into iMZ DNA. C, CD-1; i, iMZ-9; —, HO control. The C57BL/ 
6)-Tyr©7 allele is expected in 75% of tetraploid blastocysts. Right, tail DNA 
from different pups derived from iMZ iPS lines as noted. —, HO control; +, 
C57BL/6J-Tyr° 7 DNA; WT, wild type. 


which is common in tetraploid complementation experiments 
performed with ES cells’*. The efficiency of generating iPS mice ranged 
from 0.3% to 13%, which is similar to published efficiencies for ES and 
SCNT-ES cells (Table 1)'*”*?°. Notably, iMZ-9 iPS cells reproducibly 
generated adult mice in several experiments. 

Although tetraploid cells rarely contribute to the embryo proper 
beyond mid-gestation”*”’, to conclusively demonstrate that these iPS 
mice derived entirely from the iMZ cell lines we analysed coat and eye 
colour and performed histological staining. The coat and eye colour 
of the iPS mice (agouti, pigmented) differs from both the albino 
tetraploid host blastocyst and the albino recipient female. As 
expected, all pups exhibited pigmented eyes and uniformly agouti 
fur (Fig. 2a), in contrast to the variation in coat colour observed in 
the diploid chimaera assays (Supplementary Fig. 6). Similarly, cells 
derived from iMZ lines stain positive for B-galactosidase, whereas 
blastocyst-derived cells do not. Intact tissues and tissue sections 
representing all three germ layers showed positive staining for 


Table 1| Summary of blastocyst injections 
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B-gal (Fig. 2b and Supplementary Fig. 7). We observed no histolo- 
gical differences between iPS mice and the Pcdh21/Cre—Z/EG mouse 
strain, whereas staining was clearly different from iMZ chimaeric 
animals (Fig. 2b, c and Supplementary Fig. 7). Furthermore, immu- 
nofluorescence analyses of the olfactory bulbs of iPS mice showed 
that all cells express B-gal (except for the mitral cells which express 
GFP, as expected) (Fig. 2c). 

To exclude minor contributions of tetraploid host blastocyst cells 
during iPS mouse development, we designed sensitive PCR assays to 
detect microsatellite markers and albino mutations of the Tyr gene 
that differ between host blastocysts and iMZ cells (Fig. 3c, d). 
Microsattelite analyses of several tissues from an iMZ-9 mouse 
showed no contribution from host blastocyst cells in the microsatel- 
lite assay (Fig. 3c). Similar results were observed with tail tissue from 
an iMZ-15 mouse (Supplementary Fig. 8). We also performed tests 
for the albino mutation on DNA from nine individual mice derived 
from lines iMZ-9 and iMZ-21 and detected no contribution of host 
blastocyst cells (Fig. 3d). These data strongly support the conclusion 
that the iMZ lines are capable of generating all cell types of adult mice 
in tetraploid complementation assays, at least to the level that is 
typical of ES cells. 

Notably, genetic analyses rule out contamination of our iPS cell 
lines by pre-existing ES cells. PCR experiments demonstrated that all 
iMZ lines and iPS mice carry the Pcdh21/Cre and Z/EG genetic modi- 
fications, which do not co-exist in any known ES cell lines (Fig. 3a). 
Similarly, Southern blot analyses with probes for Oct4 and rtTAM2.2 
show that the patterns of proviral integration of the iPS mice are 
identical to the patterns of the iPS cell lines from which they derived. 
Furthermore, the relative intensity of the Oct4 proviral insertions and 
endogenous Oct4 bands is similar as expected if iPS mice derive 
predominantly from iPS cells (Fig. 3b). 

A final test of pluripotency is to establish the germline contri- 
bution and production of viable offspring. In crosses with albino 
female mice, male iPS mice derived from lines iMZ-9 and iMZ-21 
exhibit germline transmission as evidenced by the production of 
100% agouti pups and expression of the Z/EG allele in the expected 
number of progeny (Fig. 2a and Supplementary Fig. 8). Taken 
together, these data demonstrate that direct reprogramming of 
MEFs with four factors can generate iPS cell lines that possess full 
pluripotency as measured by the production of fertile adult mice in 
tetraploid complementation assays. 

Several features of our experiments could be responsible for the 
enhanced pluripotency of our iPS cell lines. First, the high levels of 
transgene induction afforded by rtTAM2.2 and the extended dura- 
tion of reprogramming factor expression in our protocol may more 
completely reprogram cells. Second, transgene expression in our iPS 
cell lines is regulated by a dox-inducible promoter, which may help to 
prevent inappropriate expression of reprogramming factors during 
embryonic development. In support of this idea, quantitative PCR 
with reverse transcription (qRT-PCR) experiments demonstrate that 
proviral transgenes are nearly completely silent in iPS cells in the 
absence of dox (Supplementary Fig. 11). Furthermore, the lines that 
generate iPS mice most robustly (IMZ-9 and iMZ-21) have reduced 
expression of all four reprogramming factors, whereas the less effi- 
cient lines (IMZ-11 and iMZ-15) have detectable expression of KIf4 


Cell line Chimaera (2n) Blastocysts injected (4n) Day fetuses removed Live fetuses (% inj.) Live pups (% inj.) Suckling pups (% inj.) 
iMZ-9 ¥ 172 E16.5 11 (6%) _ _ 

iMZ-9 Y 25 E175 2 (8%) = = 

iMZ-9 Y 195 E18.5 = 7 (4%) 4 (2%) 

iMZ-21 ¥ 140 Ei8.5 _ 18 (13%) 10 (7%) 

iIMZ-15 n.d. 257 E18.5 = 3 (1%) 0 

iMZ-11 x 338 E18.5 = 1 (0.3%) 0 

iNZ-3 n.d. 120 E18.5 = 0 0) 

iNZ-19 Y isi E18.5 - 0) 0 


Y denotes iPS cell lines that contributed to diploid chimaeras; n.d. denotes lines that were not tested. Recipients were either euthanized at E16.5 or E17.5 or delivered by Caesarean at E18.5. The 
numbers of live fetuses, live pups and suckling pups surviving after postnatal day 1 are shown with the percentage of total blastocysts (% injection (inj.)). 
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and/or Oct4 in the absence of dox. Third, previously reported re- 
programming experiments either did not use VPA or used short VPA 
treatments but did not report tetraploid complementation experi- 
ments. Prolonged VPA treatment in our experimental protocol may 
have allowed resetting of the epigenome to a chromatin state more 
similar to that of ES cells. The timing and extent of passaging, the 
genetic background of reprogrammed MEFs and our iPS cell selec- 
tion criteria may have contributed to the enhanced pluripotency of 
our lines. 

We cannot exclude the possibility that the enhanced pluripotency 
of the iPS cell lines we report here is a result of reprogramming of a 
rare cell type or a particular pattern of proviral insertion. However, 
we have established three iPS cell lines with distinct proviral integ- 
ration patterns that can generate full-term mice, suggesting that 
several individual MEF cells can lead to fully pluripotent iPS cells 
and that a particular insertion pattern is not required. At present, the 
two iMZ lines that generate fertile adult mice derive from a single 
infected cell. Until other adult mice are generated we cannot exclude 
models requiring a rare cell type or particular proviral insertion. 

The generation of fertile adult mice from iPS cells acts as an 
important proof-of-principle validation that reprogramming tech- 
nology can produce iPS cells with functional equivalence to ES cells in 
developmental assays. These data demonstrate that direct repro- 
gramming with four factors can recapitulate the reprogramming 
capacity of the oocyte and show that non-genomic components of 
differentiated cells, such as mitochondria, do not impede reprogram- 
ming to full pluripotency. We speculate that comparing iPS cell lines 
that generate iPS mice with those that cannot generate mice but 
satisfy other criteria of pluripotency (for example, chimaerism and 
germline contribution) may reveal important molecular differences 
associated with states of pluripotency. 


METHODS SUMMARY 


The reported iPS cells were derived from E13.5 MEFs using dox-inducible lenti- 
viruses encoding Oct4, Sox2, Klf4and c-Mycas previously described”, except that 
induction was mediated by rtTAM2.2 and VPA was included. Reprogrammed iPS 
cell lines were characterized by immunofluorescence (for SSEA1, Nanog, Oct4 
and Sox2). In vitro differentiation into embryoid bodies by aggregation in 
suspension and treatment with all-trans retinoic acid was used to assess the ability 
of iMZ lines to generate rare GFP* cells. Karyotype was examined by analysis of 
metaphase spreads prepared by the hanging-drop method. Chimaeric mice were 
produced by injection of euploid iPS cell lines into diploid blastocysts”. iPS mice 
were produced by the injection of iPS cells into tetraploid blastocysts generated by 
electrofusion of two-cell embryos according to established methods'*”’. Intact 
tissues and tissue sections from chimaeras or iPS mice were stained with X-gal or 
antibodies for B-galactosidase and GFP. Genetic analyses of iPS mice were 
performed by Southern blotting for proviral insertions, genotype analysis for 
the Pcdh21/Cre and Z/EG alleles, and PCR for microsatellite markers and the 
Tyr? albino mutation using standard methods. Residual expression of virally 
encoded transgenes was examined by qRT-PCR using lentiviral-specific primers. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Generation of Pcdh21/Cre-Z/EG and Nex/Cre-Z/EG mice. To generate the 
Pcdh21-Cre mice, an internal ribosome entry site (IRES)-Cre recombinase 
together with an FRT-flanked neo expression cassette (FRT-neo-FRT) was inserted 
into the Pcdh21 locus immediately after the translational stop sequence by homo- 
logous recombination in ES cells. ES cell colonies were screened and confirmed by 
Southern blot. Positive colonies were used to generate chimaeric mice and these 
mice or their Pcdh21/Cre positive offspring were crossed to Z/EG mouse lines to 
generate the Pedh21/Cre-Z/EG mouse strain. No ES cells containing both modi- 
fications have been produced. Mice retain the FRT-neo-FRT cassette. Mouse 
genotypes were confirmed by PCR for the wild-type Pcdh21 allele, the Pcdh21- 
Cre knock-in allele, and B-geo. Primer sequences and PCR conditions are available 
on request. The Nex (also known as Neurod6 or Math2)/Cre mouse line labels 
post-mitotic neurons in various brain regions*”*'. We crossed this line to the Z/EG 
line to produce Nex/Cre-Z/EG mice from which the control iNZ fibroblasts were 
derived. 

Generation of lentiviral constructs. All lentiviral shuttle vectors were generated 
from a modified version of the FUGW vector'**’. To generate pFU-rtTA, the 
rtTAM2.2 gene” was cloned from the pWG020 vector into the Xbal and BamHI 
sites of the viral vector MCS. A linker containing an extra BamHI site, a kozak 
sequence and a start codon was inserted into the Xbal site. The dox-inducible 
lentiviral construct, pFT-MCS, was generated by replacing the human ubiquitin 
C promoter with seven tetO repeats followed by a minimal CMV promoter. The 
dox-inducible promoter was amplified from pTRE-d2eGFP (BD Biosciences, 
Clontech) and cloned into the PacI and Xbal sites of the FUGW-derived vector. 
The coding sequences of Oct4, Sox2, c-Myc and KIf4 were ligated into pFT-MCS. 
Oct4, Sox2 and KIf4 were inserted into the EcoRI site. c-Myc was inserted using 
the XbaI and BamHI sites. 

Production of lentivirus. Virus was produced in HEK293T cells by calcium 
phosphate co-transfection of lentiviral shuttle vectors with the pCMVA8.9 
and pVSV¢ viral packaging vectors. Virus was collected at 24, 48 and 72h post- 
transfection and concentrated by ultracentrifugation (2 h at 112,000g) at 4°C). 
Generation of iPS cells. MEFs were prepared from Pcdh21/Cre-Z/EG (iMZ 
lines) or Nex/Cre-Z/EG (iNZ lines) E13.5 embryos. For the generation of iMZ 
cell lines, after 24h in culture, individual wells of ~300,000 MEFs were trans- 
duced with lentiviruses (day 1) and split 1:2 (day2) and 1:3 (day 3) to generate 
six wells of transduced MEFs. On post-transduction day 4, dox (10 pg ml ') was 
added to four wells to induce expression of reprogramming genes; three of these 
wells were also treated with VPA (1.9 mM). The remaining two wells were treated 
with nothing, or VPA alone. To maintain conditions for optimal MEF growth 
and viability, on post-transduction day5, the three dox and VPA wells were 
expanded into a 15 cm” dish whereas the other three conditions were expanded 
to 10cm? dishes. On post-transduction day9 (5 days after dox induction), 
colonies were observed in the dox plus VPA wells; colonies emerged in the 
dox only wells on day 11 (7 days after dox induction). No colonies emerged in 
the absence of dox, with or without VPA. On post-transduction day 12, eight 
small colonies (IMZ-1-8) were isolated from the dox-plus-VPA plate by aspira- 
tion into a P10 (10 ul) pipette tip, brief trypsinization, and plating to mitotically 
inactive MEF feeders in a 96-well dish. On day 14, further colonies were isolated, 
of which 12 were expanded (lines iMZ-9-21) and characterized further. Lines 
iMZ-1, -4, -5, -6, -8 and -16 did not grow or proliferated more slowly than ES cell 
controls, so these were not maintained. On post-transduction day 17, all putative 
iPS cell lines were transferred to fresh feeders in single 96-well plates. Cell lines 
were expanded into two wells on post-transduction day 21. Cells were 
maintained in dox plus VPA until post-transduction day 23, when both were 
removed. All cell lines appeared to maintain ES-cell-like morphology and pro- 
liferation rates. Lines were expanded to 24-well plates on day 24. Subsequently, 
cell lines were banked and maintained as described in the cell culture conditions 
section. 

For the generation of iNZ lines, initial reprogramming conditions were iden- 
tical to those of iMZ lines except that cells were split 1:2 on post-transduction 
day 3 to generate four wells (dox plus VPA, dox only, VPA only and no treat- 
ment). Cells were split once after dox and VPA addition. In this experiment, 
colonies were observed on post-transduction day 11 in wells with dox plus VPA 
and dox only, but not in wells lacking dox, as expected. VPA treatment was halted 
for 1 day at day 12 to allow proliferation and then resumed, whereas dox treat- 
ment was continuous. On day 14, 39 colonies were observed in dox plus VPA 
(20) and dox only (19) wells. This would represent a reprogramming efficiency 
of 0.03% (20 colonies per 75,000 initial fibroblasts), which does not take into 
account the transduction efficiency for all five viruses, or the expansion of clones 
with identical insertions. After splitting the dox-plus-VPA wells, 32 colonies 
from the dox-plus-VPA wells were isolated and 19 maintained proliferation at 
rates similar to ES cells. These lines are called iNZ-1-19. 
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Cell culture conditions. ES and iPS cells were maintained on mitotically inactivated 
MEF feeders in 85% DMEM, 15% ES cell qualified FBS (Gibco), 1 mM L-glutamine, 
0.1 mM non-essential amino acids, 0.1 mM 2-mercaptoethanol, 1,000 U of ESGRO 
per ml (Chemicon), 100U ml”! penicillin and 101g ml~' streptomycin. MEF 
feeders were maintained on 0.1% gelatin-coated dishes in 70% DMEM, 20% 
medium 199, 10% FBS and 100 U ml ' penicillin/streptomycin. All cells were kept 
at 37 °C ina humidified environment at 5% CO. Embryoid bodies were aggregated 
in suspension using ultra-low attachment surfaces (Corning) in ES cell medium 
lacking ESGRO and 2-mercaptoethanol and treated with 2X 10~° M all-trans 
retinoic acid (Sigma) from days 4-10. 

Southern blotting. Genomic DNA was prepared using the DNAeasy Blood and 
Tissue Kit (Qiagen). Eight micrograms of DNA were digested with Pvull (Oct4), 
BamHI (Sox2, Kif4 and c-Myc) or EcoRI (rtTAM2. 2), resolved on 0.8% agarose 
gels, transferred to Hybond-N + membrane (Amersham Biosciences) and hydrid- 
ized with radiolabelled-probe at 65 °C. Probes were generated using the Prime-It 
II Random Primer Labelling Kit (Stratagene). Images were captured on a 
Typhoon 8600 Variable Mode Imager and analysed with ImageQuant 5.2 soft- 
ware. The open reading frame (ORF) of each gene served as template for probe 
synthesis. Oct4 ORF (NCBI accession NM_013633) = 1,058 base pairs (bp); Sox2 
ORE (NM_011443) = 959 bp; c-Myc ORF (NM_010849) = 1,364 bp; KI/4 ORE 
(NM_010637) = 1,451 bp; and rtTAM2.2 ORF = 1,490 bp. After hybridization, 
blots were successively washed with 2X SSC/0.1% SDS at room temperature and 
0. 2 SSC/0.1% SDS at 65 °C. 

Immunofluorescence analyses of cell lines. Cells were fixed with 4% para- 
formaldehyde (PFA) at room temperature for 20 min, blocked and permeabi- 
lized for 1h at room temperature in PBS/Triton X-100 (0.1%), incubated 
overnight at 4°C in primary antibodies against Oct4 (Santa Cruz 
Biotechnology, 1:100), SSEA1 (Developmental Studies Hybridoma Bank, 
1:500), Nanog (Cosmo Bio Co., 1:50), Sox2 (R&D Systems, 1:50), washed in 
blocking solution for 3 X 15 min, incubated for 30 min at room temperature 
with fluorescence-conjugated secondary antibodies (Alexa). Nuclei were labelled 
with DAPI or TOTO-3 (Molecular Probes, Invitrogen). Images were collected on 
an Olympus BX60M microscope and analysed with MetaMorph software. 
Analyses of tissues and tissue sections. Whole tissues were dissected and placed 
directly into X-gal staining buffer (100 mM sodium phosphate, pH 7.3, 2mM 
MgCl, 0.01% sodium deoxycholate, 0.02% NP-40, 5mM potassium ferricya- 
nide, 5mM potassium ferrocyanide, 1 mg ml ' X-gal) and incubated at 37°C 
until staining of controls was evident (several hours). Tissues were washed in PBS 
and preserved in 4% PFA/PBS fixative. For sections, tissues were collected and 
fixed with 4% PFA/PBS for 1h at 4 °C, 30% sucrose protected overnight at 4 °C, 
OCT-embedded and cut into 30-1M sections using a Leica CM 3050S Cryostat. 
Sections were air-dried on charged slides for 20 min and fixed in 4% PFA for 
7 min. Sections were then X-gal-stained for 2—3 h at 37 °C, mounted and imaged 
on an Olympus AX70 microscope, and analysed with Spot imaging software. 
Alternatively, brain slices were co-stained with primary antibodies against LacZ 
(Promega, 1:500) and GFP (Invitrogen, 1:500) and imaged on an Olympus 
Fluoview FV500 LSM microscope. Images were analysed using MetaMorph 
software. 

Microsatellite PCR assay. The length of the microsatellite detected by the 
D12Mit136 primer pair is different in each of the Pcdh21/Cre-Z/EG, C57BL/ 
6J-Tyr°7’ and BALB/cBy] mouse strains. The genotype of the host tetraploid 
blastocysts varied in experiments but in each case tetraploid blastocysts will carry 
either the BALB/c allele or both the BALB/c and the C57BL/6) alleles. Expected 
bands for C57BL/6J, BALB/c and Pcdh21/Cre-Z/EG are 147, 213 and 100bp, 
respectively. Primer sequences are: D12Mit136 sense: 5’-TTTAATTTTGA 
GTGGGTTTGGC-3’, antisense: 5’-TGGCTACATGTACACTGATCTCCA-3’. 
PCR conditions were 94°C for 2 min, 43 cycles of 94°C for 1 min, 53°C for 
15s, 72°C for 45s. 

Albino allele PCR assay. Tetraploid blastocysts carry the C57BL/6J-Tyr*7 
albino mutation, whereas the iMZ and iNZ iPS cells do not. We designed a 
PCR assay in which the 3’ end of the sense primer is specific for the Tyr*7/ 
mutation. C57BL/6J-Tyr° 7 DNA yields the expected 115-bp product, whereas 
no product is observed with iMZ-9 DNA. DNA was collected from Pcdh21/Cre- 
Z/EG control and iPS mouse tissue by proteinase K digestion followed by 
phenol-chloroform extraction and ethanol precipitation. Primers used were: 
sense 5’- TCAAAGGGGTGGATGACCT-3’, antisense 5’-CCCCCAAATCCA 
AACTTACA-3'. PCR conditions were 94°C for 2 min, 40 cycles of 94°C for 
1 min, 65 °C for 15s, 72°C for 20s. 

qRT-PCR. RNA was collected from iPS cell lines maintained in the absence of 
dox (—dox) or treated with 10pgml~! dox for 24h to re-induce proviral 
encoded transgenes. As a control, RNA was collected from transiently transfected 
HEK293T cells expressing the individual lentiviruses. Total RNA was isolated 
using TRIzol reagent (Invitrogen), treated with DNase! and purified (RNeasy 
Plus kit, Qiagen) before synthesis of first-strand complementary DNA using the 
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SuperScript III First-Strand Synthesis System (Invitrogen). Quantitative PCR 
was performed on three technical replicates using the reverse transcription-real 
time SYBR green PCR Mastermix (SA Biosciences) and primers that specifically 
amplify the proviral encoded transgenes. Lentiviral-specific primers consist of a 
gene-specific sense primer and a common antisense primer located downstream 
of each transgene within the proviral backbone. Sense primers: Oct4, 
5'-TCTGTTCCCGTCACTGCTCT-3';  Sox2, 5'-CGCCCAGTAGACTGCAC 
AT-3'; c-Myc, 5'-TGTCCATTCAAGCAGACGAG-3’; K/f4, 5'-CACTACCGC 
AAACACACAGG-3’. Common antisense primer, 5’-GGCATTAAAGCAGC 
GTATCC-3’. PCR conditions were 94°C for 4 min, 40 cycles of 94 °C for 30s, 
55°C for 30s, 72°C for 30s. Data was generated on a MJ Research Chromo4 
PTC-200 thermal cycler and extracted with Opticon Monitor software. 

Transgene expression level for iPS cells was normalized to Gapdh expression 
(Gapdh forward, 5'-TCAACGGGAAGCCCATCA-3’; Gapdh __ reverse, 
5'-CTCGTGGTTCACACCCATCA-3’) and plotted relative to transgenes 
expressed in transfected HEKs. The Gapdh primer pair did not amplify human 
GAPDH efficiently; therefore we normalized HEK293T transgene expression 
values to the average Gapdh expression value for iPS cells. It is important to 
note that although this analysis produces accurate relative expression levels for 
the same gene across various iPS cell lines, it provides only a rough estimate of the 
relative expression levels between transfected HEK293T cells and the iPS cells 
and this should not be considered quantitative. 

When lentiviral expression was re-induced with dox, iPS cell lines tended to 
have one order of magnitude higher expression levels, indicating that the 
rtTAM2.2 proviral insertion was not completely silenced in the iPS cell lines 
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and suggesting, by inference, that using a dox-inducible system can result in less 
residual transgene expression than non-inducible lentiviral strategies. 
Generation of chimaeras. Chimaeras were produced by injection of iPS cells 
(passage 5-8) into diploid blastocysts, generated by mating superovulated 
C57BL/6] females to C57BL/6J X DBA2 F, stud males, according to the standard 
protocol”. 

Generation of iPS fetuses and mice. For tetraploid complementation, super- 
ovulated albino (BALB/cByJ X C57BL/6J- Tyr 71J) F, females were mated with 
males of the same hybrid strain background. One-cell embryos were collected 
and cultured overnight in KSOM-AA medium (Millipore). The next day tetra- 
ploid embryos were generated by blastomere electrofusion of two-cell embryos 
according to standard procedures and cultured under the same conditions'*”’. 
Forty-eight hours later, tetraploid blastocysts were injected with 10-12 iPS cells 
each and transferred to the uterine horns of pseudopregnant recipients. iPS-cell- 
derived fetuses were dissected from the uterine horns of recipient mice at dif- 
ferent stages of development or live newborn pups were recovered by Caesarean 
section at E18.5 and fostered to CD-1 female mice. 
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Reptilian heart development and the molecular basis 
of cardiac chamber evolution 
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The emergence of terrestrial life witnessed the need for more 
sophisticated circulatory systems. This has evolved in birds, 
mammals and crocodilians into complete septation of the heart 
into left and right sides, allowing separate pulmonary and systemic 
circulatory systems, a key requirement for the evolution of 
endothermy'’*. However, the evolution of the amniote heart is 
poorly understood. Reptilian hearts have been the subject of 
debate in the context of the evolution of cardiac septation: do they 
possess a single ventricular chamber or two incompletely septated 
ventricles*’? Here we examine heart development in the red-eared 
slider turtle, Trachemys scripta elegans (a chelonian), and the 
green anole, Anolis carolinensis (a squamate), focusing on gene 
expression in the developing ventricles. Both reptiles initially form 
a ventricular chamber that homogenously expresses the T-box 
transcription factor gene Tbx5. In contrast, in birds and mammals, 
Tbx5 is restricted to left ventricle precursors*”. In later stages, 
Tbx5 expression in the turtle (but not anole) heart is gradually 
restricted to a distinct left ventricle, forming a left-right gradient. 
This suggests that Tbx5 expression was refined during evolution to 
pattern the ventricles. In support of this hypothesis, we show that 
loss of Tbx5 in the mouse ventricle results in a single chamber 
lacking distinct identity, indicating a requirement for Tbx5 in 
septation. Importantly, misexpression of Tbx5 throughout the 
developing myocardium to mimic the reptilian expression pattern 
also results in a single mispatterned ventricular chamber lacking 
septation. Thus ventricular septation is established by a steep and 
correctly positioned Tbx5 gradient. Our findings provide a 
molecular mechanism for the evolution of the amniote ventricle, 
and support the concept that altered expression of developmental 
regulators is a key mechanism of vertebrate evolution. 
Amphibians have a three-chambered heart, whereas mammalian, 
crocodilian and avian hearts have four chambers, two each for pulmo- 
nary and systemic circulations. The acquisition of a fully septated vent- 
ricle has evolved independently in birds, mammals and crocodilians"®, 
and is an important example of convergent evolution. Non-crocodilian 
reptiles (squamates, chelonians and rhynchocephalians) hold a unique 
place in the evolution of the heart, as their ventricular chambers are 
apparent intermediates between these forms*’. In reptiles, shunting 
can produce functional separations between left and right circulatory 


systems, but only complete septation allows a dual pressure system 
required for endothermy. Therefore, the evolutionary status of the 
reptilian ventricles is controversial’. Is it a primitive arrangement 
presaging the septated heart of crocodilians, birds and mammals? Or 
is itan adaptation to particular circulatory requirements? Development 
of reptilian hearts has not been addressed in over 100 years'', and thus 
the developmental basis of reptilian heart formation is not known. 
Furthermore, clear insight into the evolution of cardiac septation has 
not emerged from molecular studies of heart development’. 

Transcription factors of the T-box family are important regulators 
of heart formation’*. One T-box gene, Tbx5, has an expression pattern 
that suggests a role in the evolution of cardiac septation (see 
Supplementary Note 1). Inamphibians, Tbx5 is expressed throughout 
the developing heart'’. In birds and mammals, there is a steep gradient 
of Tbx5 expression from high levels in the prospective left ventricle to 
low levels in the prospective right ventricle*’. Reduced dosage of Tbx5 
in humans and mice leads to defects in interventricular septum (IVS) 
formation and patterning'*”, suggesting that a steep gradient of Tbx5 
is critical for IVS formation. The evolutionary role of Tbx5in septation 
is unknown. 

We examined cardiac embryology of the red-eared slider turtle, 
T. scripta elegans (a chelonian), and the green anole, A. carolinensis 
(a squamate), focusing on the ventricles. Although the phylogenetic 
relationship of turtles to other reptiles is controversial based on ana- 
tomical considerations'*!’, molecular phylogenies consistently 
group turtles with the archosaurs (birds and crocodiles)”. Anoles 
are considered to be more basal than archosaurs!**'. The post- 
hatching anole heart has a thick muscular ridge (Fig. la-d and 
Supplementary Fig. 1) that separates a proximal outflow tract, or 
cavum pulmonale®"', from the main ventricular chamber. Turtles 
have a smaller muscular ridge and are thought to have a primitive 
IVS-like structure*®*", as we determined by three-dimensional 
reconstructions revealing a dense coalescence of trabeculae spanning 
the full depth of the heart (Fig. le-h and Supplementary Fig. 1). 
Initially, developing turtle and anole hearts showed no clear evidence 
of ventricular septation (Fig. 1i and Supplementary Figs 2-4). In 
contrast, the chick has a well-developed IVS at comparable early 
stages (Fig. 11 and Supplementary Fig. 3). In the turtle, a structure 
resembling an IVS appears only at stage 21 (Fig. li). Alligator 
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Figure 1| Reptilian heart development. a—h, OPT of post-hatching anole 
(a-d) and turtle (e-h) hearts. a, e, External view; b, ¢, f, g, chamber fill; 

d, h, histology. i, Histological analysis of heart development in turtle, anole 
and chick embryos. Four representative stages shown are equivalent between 
species (arrow, interventricular groove). j, Histology of stage 21 embryonic 
alligator heart. k, OPT of stage 17 (left) and stage 21 (right) turtle hearts. In 
all reptile embryos (i-k), note close apposition of mr and ot. a, atrium; IVS?, 
IVS-like structure; la, left atrium; lv, left ventricle; mr, muscular ridge; ot, 
outflow tract; ra, right atrium; rv, right ventricle. 


embryos (Fig. 1j and Supplementary Fig. 1) have a muscular ridge 
and a distinct IVS. The muscular ridge has been interpreted as ana- 
logous to the IVS, leading to the impression that reptiles have mul- 
tiple septa**®. We speculate that the development of the muscular 
ridge in reptiles reflects persistent growth of the proximal outflow 
tract'!, as seen transiently in the chick heart (Fig. li-k and 
Supplementary Fig. 3). 

To observe molecular patterning of reptile ventricles, we examined 
expression of Tbx5. In mammals and birds, Tbx5 messenger RNA 
(mRNA) and protein are highly enriched in the prospective left vent- 
ricle (Fig. 2b, c and Supplementary Fig. 5)*. At looping heart tube 
stages, Tbx5 was broadly expressed throughout the embryonic turtle 
and anole hearts (Fig. 2a, d), similar to Xenopus Tbx5 (ref. 13), but 
unlike its early restricted expression in chick and mouse (Fig. 2b, c). 
In the anole, Tbx5 expression extended to the boundary of the vent- 
ricle and outflow tract, where the muscular ridge forms. At later 
stages, Tbx5 expression in the turtle (stage 15) and anole (stage 13) 
remained homogeneous throughout the ventricle (Fig. 2e, h and data 
not shown). In comparable stages in chick, it was sharply restricted to 
left ventricle primordium. At stages 17-18 in the turtle, Thx5 mRNA 
levels decreased in right ventricle primordium, remaining enriched 
in left ventricle primordium, creating a steep left-right gradient, 
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Figure 2 | Gene expression in amniote embryos. a—c, Tbx5 expression in 
turtle, chick and mouse. a, b, mRNA expression. Left panels, whole-embryo 
views. he, heart; fl, forelimbs; dr, dorsal retina; hl, hindlimbs. Right panels, 
close-up ventral views of embryonic hearts. c, Tbx5 immunohistochemistry; 
red arrowheads, right ventricle/left ventricle junction; purple arrowhead, 
epicardium. la, left atrium; lv, left ventricle; ot, outflow tract; ra, right 
atrium; rv, right ventricle. d-g, Expression of Tbx5. as, atrial septum; avc, 
atrioventricular cushion. Arrowheads mark the boundary between left 
ventricle and right ventricle, or ventricle (v) and ot for anole in 

d. h, Quantification of Tbx5 mRNA levels in turtle left ventricle and right 
ventricle; data are mean + s.d. normalized to stage 15 right ventricle. 

*P < 0.005 by t-test. i, Ratio of Tbx5 mRNA levels between the left ventricle 
and right ventricle. j, Bmp10 expression in turtle and anole hearts. 
Arrowheads, interventricular groove and septum. Brackets, thickness of 
Bmp 10-negative area. k, Nppa expression in the turtle is in a left-right 
gradient similar to Tbx5. 


although not as sharply defined as in chick (Fig. 2f4i and 
Supplementary Figs 6 and 7). This gradient was maintained at stage 
21 (Fig. 2h, i). Tbx5 expression in Anolis was not restricted in the 
ventricle (Fig. 2f, iand Supplementary Fig. 7). We examined expres- 
sion of Tbx5 target genes expressed in trabeculae but excluded from 
mammalian IVS myocardium'*’*'”**, Bmp10 was _ expressed 
throughout the early turtle and anole trabeculae, but was excluded 
in turtles at stages 17-18 from an expansion of the compact myocar- 
dium corresponding to presumptive IVS precursors, correlating with 
the boundary of Tbx5 expression (Fig. 2j and Supplementary Fig. 6). 
This suggests a conserved molecular transition in the trabeculae that 
form the IVS. Turtle Nppa (not found in anoles”’) formed a gradient 
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Figure 3 | Ventricle-restricted deletion of mouse Tbx5. a, Strategy for 

ventricular deletion of Tbx5. b-d, OPT of wild-type (WT) and Tbx5"4¢""4"! 
embryos and hearts at embryonic day (E) 9.5 (b) and E11.5 (¢,d). Arrowheads 
indicate position of the IVS. e-g, Gene expression for indicated transcripts. 


similar to Tbx5 (Fig. 2k). Thus turtle ventricles, but not those of 
Anolis, acquire distinctions between left and right components late 
in development. 

A steep Tbx5 gradient in chick and mouse may have evolved to 
pattern the ventricles. Reducing Tbx5 levels supports this'*’®'”. To 
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Figure 4 | Misexpression of Tbx5 results in loss of IVS patterning. 

a, Strategy for ventricular misexpression of Tbx5. b, Morphology and gene 
expression in CAT-Tbx5;Mef2cAHF::Cre embryos for indicated transcripts. 
Brackets, IVS region, magnified in lower panels. Arrowheads, trabecular 
Bmp 10 expression. la, left atrium; lv, left ventricle; ra, right atrium; rv, right 
ventricle; v, ventricle. c, Morphology and gene expression in CAT- 
Tbx5;Nkx2.5::Cre embryos at embryonic day 11.5. Orange arrows, 
interventricular septal region (IVS). Brackets show a rudimentary septum in 
a mutant embryo. d, Representation of embryonic heart structures and 
patterns of Tbx5 expression (blue) in vertebrate evolution. 
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h, Strategy for Tbx5 deletion in anterior heart field derivatives. i-k, OPT of 
wild-type (WT) and Thx 5 Brae AHFael 1 carts at E10.5. i, External view; 

j, chamber fill; k, virtual sections. I-n, Gene expression for indicated 
transcripts. 


address a potential role for Tbx5 in septation, we deleted Tbx5 
from segments of developin ing mouse ventricles, using a conditionally 
deletable Tbx5 allele (Thx5'?)!*, and ventricular myocyte-specific 
Nkx2.5::Cre mice™ (Fig. 3a). These mice (Nkx2.5::Cre’/. Thx5tPN'IPN 
mice, or Thx5. “! mice) lacked morphological distinctions between the 
left ventricle and right ventricle that were obvious in wild-type embryos 
by embryonic day 9.5 (Fig. 3b). Embryos with this univentricular 
phenotype persisted until embryonic day 11.5 (Fig. 3c, d). Expression 
of Nppa and Bmp10, normally excluded from the interventricular 
groove, was expanded throughout the single ventricle of Tbx5Y*"! 
embryos (Fig. 3e,f). Hand1 was expressed at lower levels, but in its 
normal domains, the left ventricle and right ventricle primordia 
(Fig. 3g). Thus loss of Tbx5 from developing ventricles results in a single 
mispatterned ventricle. 

To determine if a steep Tbx5 gradient at the interventricular mid- 
point is critical for IVS formation, we deleted Tbx5 with 
Mef2cAHF::Cre mice” (Fig. 3h). Because Mef2cAHF::Cre is active 
in the right ventricle and IVS precursors, but not in the left ventricle 
free wall, the Tbx5 expression boundary is shifted leftwards. 
Tbx5tPN! LDN: Mef2cAHF::Cre (Thx5*H¥4e!) mice lacked an IVS 
(Fig. 3i-k). Gene expression analysis showed that a distinction 
between left ventricle and right ventricle was maintained (Fig. 31, m); 
however, a clear absence of IVS-enriched markers (Irx2, Dkk3) at the 
ventricular midpoint, although maintained in the adjacent trabeculae, 
emphasizes the absence of ventricular septation (Fig. 3n and 
Supplementary Fig. 8). Thus a boundary of cells expressing high 
Tbx5 levels is necessary within a segment of myocardium where IVS 
outgrowth will occur. This implies a prepattern within which Tbx5 
must function; the nature of this prepattern is unknown (see 
Supplementary Note 2). Tbx5 expression and additional patterning 
cues may have co-evolved, or the prepattern may exist in all amniotes. 
Regardless, IVS formation requires a sharp Tbx5 boundary, which 
indicates that Tbx5 patterning was a major factor in the evolution of 
septation. 

Our loss-of-function experiments demonstrate a requirement for 
Tbx5 in IVS formation distinct from a more global role in differenti- 
ation. These results do not address the evolutionary role of Tbx5 
patterning; in particular, whether the broad expression of Tbx5 
observed in anole and turtle would preclude IVS formation. Previous 
misexpression attempts yielded variable results ranging from no effect 
to severely malformed hearts (ref. 9 and J.K.T., unpublished observa- 
tions). We misexpressed Tbx5 in the ventricles by crossing a mouse 
line bearing a stable Cre-activatable transgene expressing moderate 
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Tbx5 levels upon induction (CAT-Tbx5)”° with Mef2cAHF::Cre or 
Nkx2.5::Cre mice (Fig. 4). CAT-Tbx5;Mef2cAHF::Cre embryos survived 
until embryonic day 11 and had a single ventricle at embryonic day 
10.25. Molecular analysis revealed expanded expression of Tbx5, 
Nppa and Bmp10 across the interventricular groove of CAT- 
Tbx5;Mef2cAHF::Cre embryos (Fig. 4b). CAT-Tbx5;Nkx2.5::Cre 
embryos survived longer (until embryonic day 12), presumably 
because this manipulation avoided secondary effects of Tbx5 over- 
expression in cardiac progenitors. CAT-Tbx5;Nkx2.5::Cre embryos at 
embryonic day 11.5 also had defective ventricular septation and mis- 
patterned gene expression (Fig. 4c and Supplementary Fig. 9). 
Interestingly, owing to the mosaic expression of Tbx5 by Nkx2.5::Cre, 
some embryos had no septum at all, whereas others with a more graded 
expression of Tbx5 had a rudiment of a septum in which not all genes 
were mispatterned (Fig. 4c and Supplementary Fig. 9). Thus misexpres- 
sion of Tbx5 in a pattern reminiscent of the reptilian heart leads to loss 
of IVS patterning and morphogenesis, further supporting a role for 
Tbx5 patterning in the evolution of septation. 

Our results provide evidence that the reptilian heart, although 
evolved to function physiologically under conditions particular to 
reptilian life’, is an evolutionary intermediate between amphibian 
and avian/crocodilian hearts in its ventricular development. The 
dynamic expression of Tbx5 and its leftward restriction suggest a 
temporal refinement model in which early restriction of Tbx5 expres- 
sion to left ventricle precursors, as seen in chick and mouse, provides a 
robust patterning cue for ventricular septation. In this model (Fig. 4d), 
a quantitative gradient of Tbx5 is essential for proper formation and 
patterning of the IVS. Our mouse genetic analyses, including 
decreased dosage'*"®, are consistent with an important role for a steep 
gradient of Tbx5 in chamber patterning and IVS formation. In the 
reptilian heart, the delayed and less pronounced establishment of this 
patterning may contribute to varying degrees of septation. Therefore 
patterning of Tbx5, in the archosaurian and synapsid lineages, is 
likely to be an important mechanism in the convergent evolution of 
septation. Our findings generally support the concept that altered 
expression of developmental regulators is an important aspect of 
morphological evolution”. 


METHODS SUMMARY 


Embryos were isolated from T. scripta elegans eggs (Kliebert Turtle and Alligator 
Farm). Green anole (A. carolinensis) embryos were collected in captivity. Mouse 
strains were as previously described'****®. Wholemount and section in situ 
hybridizations were performed using standard protocols. Immunohisto- 
chemistry and optical projection tomography (OPT) were performed as previ- 
ously described**’*. For all mouse experiments, at least three embryos were 
examined for each genotype at each stage, all with comparable results. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Reptiles. Embryos from T. scripta elegans eggs (Kliebert Turtle and Alligator 
Farm) were dissected free of extra-embryonic membranes and staged according 
to Greenbaum & Carr’’. Green anole (A. carolinensis) embryos were collected in 
captivity during the spring and summer breeding season. The day the eggs were 
discovered in the cage was considered embryonic day 0. Eggs were incubated at 
27 °C until embryo collection at embryonic days 4, 8, 11, 12, 14, 18 and 19 and on 
the day of hatching. Anole embryos were staged as previously described*’. All 
embryos were fixed in 4% paraformaldehyde, followed by stepwise dehydration 
in methanol. 

Mouse genetics. Mouse strains were as previously describe 
Reptile cDNAs. Turtle total RNA was prepared from pooled day 14 T. scripta 
embryos (stages 12-15). PCR was performed from cDNA with 5'-GTTTC 
CCAGTTACAAAGTGAAGG (forward) and 5'-GTCTCACTGTGCTCCTGGG 
(reverse) primers designed against the chick Tbx5 sequence. PCR products 


1624-26 


nature 


matching the estimated size (540 base pairs) were extracted from a 1% agarose 
gel, ligated into pCRII (Invitrogen) and used to transform DH5a-competent 
cells. Positive plasmids were identified by hybridization with digoxygenin- 
labelled chick Tbx5 and by amplification using nested primers also designed 
against chick Tbx5 and Tbx4 (5'-TAYGTGCACCCGGAYTCYCCWGC and 
5'-TGGTASGARGTCACAGMGATRAA). Anolis cDNA probes were obtained 
by PCR from genomic DNA, using sequences obtained at the National Center for 
Biotechnology Information Trace Archive (http://www.ncbi.nlm.nih.gov/ 
Traces/trace.cgi?). 
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Coordination of Rho GTPase activities during cell 


protrusion 


Matthias Machacek'*+, Louis Hodgson**+, Christopher Welch**, Hunter Elliott’, Olivier Pertz'}, Perihan Nalbant°, 
Amy Abell’, Gary L. Johnson’, Klaus M. Hahn? & Gaudenz Danuser’ 


The GTPases Racl, RhoA and Cdc42 act together to control cytos- 
keleton dynamics’ *. Recent biosensor studies have shown that all 
three GTPases are activated at the front of migrating cells*’, and 
biochemical evidence suggests that they may regulate one another: 
Cdc42 can activate Racl (ref. 8), and Racl and RhoA are mutually 
inhibitory’"'”. However, their spatiotemporal coordination, at the 
seconds and single-micrometre dimensions typical of individual 
protrusion events, remains unknown. Here we examine GTPase 
coordination in mouse embryonic fibroblasts both through 
simultaneous visualization of two GTPase biosensors and using a 
‘computational multiplexing’ approach capable of defining the rela- 
tionships between multiple protein activities visualized in separate 
experiments. We found that RhoA is activated at the cell edge syn- 
chronous with edge advancement, whereas Cdc42 and Racl are 
activated 2 um behind the edge with a delay of 40s. This indicates 
that Racl and RhoA operate antagonistically through spatial sepa- 
ration and precise timing, and that RhoA has a role in the initial 
events of protrusion, whereas Racl and Cdc42 activate pathways 
implicated in reinforcement and stabilization of newly expanded 
protrusions. 

Our computational multiplexing approach makes the assumption 
that the relationship between GTPase activation and the movements 
of the cell edge during constitutive protrusion and retraction cycles is 
preserved within a cell, and among cells. Thus, the initiation of pro- 
trusion and retraction can be used as a timing reference to determine 
indirectly the activation dynamics of multiple Rho GTPases: first, for 
each GTPase, the timing of activation relative to protrusion/retrac- 
tion events is determined in separate experiments. Then, the activa- 
tion timings of different GTPases are aligned, using protrusion/ 
retraction events as a common reference. GTPase activities were 
imaged in mouse embryonic fibroblasts (MEFs) using biosensors 
for Racl (ref. 4), Cdc42 (ref. 5) or RhoA® (Fig. la—c and Supplemen- 
tary Figs 1 and 2). The Racl biosensor was improved compared with 
the previously published version’, using a fluorescent protein rather 
than a covalently attached dye. Images were captured at 10-s inter- 
vals, sufficient to sample the protrusion—retraction cycles below 
Nyquist frequency (Supplementary Fig. 3). 

As reported before*®, all GTPases, including RhoA, were maximally 
activated proximal to the leading edge. Visual inspection of time-lapse 
sequences indicated substantial fluctuations in GTPase activity as the 
cell edges protruded and retracted (Supplementary Movies 1-6). To 
quantify the magnitude and location of the fluctuations we extracted 
time courses of GTPase activity at multiple distances from the cell edge 
and quantified the extent of signal modulation (Fig. 1d). For all three 


GTPases the modulation was highest at the cell edge, decreased mono- 
tonically within ~2—4 um, and then reached a plateau of baseline 
activity (Fig. le-g). Racl displayed the least significant decay, mainly 
because of cell-to-cell variations in the extent of the region with high 
activation. RhoA, on the other hand, decayed tightly over 2 um. Thus, 
GTPase activities are regulated most prominently within a few micro- 
metres from the leading edge, supporting the hypothesis that these 
fluctuations may be linked to cell edge movements. 

To investigate how GTPase activation relates to edge movement 
spatially and temporally, we tracked the position of the cell edge’? 
and compared edge velocities with the biosensor signal in 40 to 80 
sampling windows moving with the leading edge (Fig. lh and 
Supplementary Movie 7). The window width was set to 1.8—-3 Lm, 
the distance over which edge movements were correlated along the cell 
boundary, and 0.9 um in depth, the distance over which signalling 
molecules bound to the plasma membrane would be expected to 
diffuse between consecutive movie frames'*. Edge velocities were 
sampled every 400 nm (see Methods), so that 5—7 velocity measure- 
ments would fall within a window (Fig. 1i). Thus, each window yielded 
time courses of both edge velocity and GTPase activation level (Fig. 1)), 
with independent measurements in each adjacent window. Changes in 
edge velocity appeared to parallel changes in GTPase activity (shown 
for the example of a Cdc42 data set), but with a time lag. 

To study more systematically the potential relationships between 
edge dynamics (Fig. 2a, d, g) and GTPase activation we copied the data 
from the individual sampling windows along the cell boundary into 
activity maps’? (Fig. 2b, c, e, f, h, i). This data representation revealed 
tight correlation of morphological dynamics and GTPase activation. 
Protrusion and retraction occurred in a quasi-cyclic fashion with a 
periodicity of ~100 s (Supplementary Fig. 3). As reported previously”’, 
protrusion cycles propagated transversally along the leading cell edge 
(Fig. 2b, e, h). Both Cdce42 and RhoA cycled with similar periodicity 
(Supplementary Fig. 3) and their activity maps visually resembled 
those of the morphological dynamics (Fig. 2f, i). Racl showed a 
broader time response (Supplementary Fig. 3), consistent with a 
spatiotemporally more diffuse activation (Fig. 2c). Quiescent regions 
of the cell edge (that is, regions Q) exhibited low GTPase activity 
compared with protruding and retracting regions. Transitions between 
active and quiescent portions of the cell edge were sharp (2-3 um) and 
were accompanied by a steep gradient in GTPase activity. Thus, these 
data suggest an immediate coupling of GTPase activation and cell 
morphological dynamics, in both time and space. 

To quantify the coupling we computed, for every sampling 
window, Pearson’s correlation coefficient between edge velocity 
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Figure 1| Activation of Rho GTPases in migrating MEFs. a—c, Racl 

(a), Cdc42 (b) and RhoA (c) activation reported by biosensors. White box 
indicates region of interest selected for analysis. Scale bar, 20 um. Colour 
scale indicates the dynamic range of the biosensor response (1, no significant 
response; maximum value, strongest response throughout the time-lapse 
sequence). d, Time course (blue line) of Racl activation within 0.6 jum from 
the cell edge, averaged over a 5-\im-long portion of the cell edge. Red line 
indicates filtered time course (Gaussian filter, ¢ = 5 frames). Green triangles 
indicate local maxima and minima of filtered time course. e-g, Modulation 
of GTPase activation (mean absolute difference between consecutive local 
extrema of the time course) as a function of the distance D from the leading 
edge. Values are normalized to the modulation at the cell edge. Error bars 
indicate s.e.m. of n = 6 (Racl), n = 4 (Cdc42) and n = 4 (RhoA) cells. 

h, Sampling windows of 0.9-11m depth placed at the cell edge and at 

D= 1.8 um from the cell edge. i, Parameters to define the position and size of 
a sampling window. In each window, the time course of GTPase activation 
was recorded (average of ~10 pixels). For a sampling window at D = 0, a 
time course of edge velocity was recorded (mean of 6-8 measurements). 

j, Time courses of edge velocity (green) and GTPase activation (Cdc42, red) 
recorded in one sampling window. 


and the GTPase activity, as a function of the time lag between the two 
variables. High correlation coefficients indicated a tight coupling of 
GTPase activation and cell protrusion/retraction events, whereas low 
correlation coefficients suggested a more remote relationship. 
Moreover, if a significant maximum correlation coefficient was 
obtained at a non-zero time lag, it indicated the relative timing of 
the two processes. For actively protruding regions, we observed sig- 
nificant correlation coefficients for all three GTPases. For Cdc42 and 
Racl, high correlation values occurred predominantly at negative 
time lags (Fig. 2j, k), that is, the activation of these two GTPases 
was delayed relative to cell edge advancements. In contrast, for 
RhoA high correlation values were narrowly distributed around zero 
time lags (Fig. 21). Thus, RhoA activation seemed to be synchronous 
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Figure 2 | Dynamics of cell edge morphology and GTPase activation. 
a, d, g, Overview of cell morphology (in DIC) and evolution of cell edge 
positions (colour-encoded from blue (early) to red (late) time points). Scale 
bar, 5 um. b, e, h, Activity maps of edge movement: velocity values along the 
edge are copied time point by time point into the columns of the map. 
Colour coding: red, protrusion; blue, retraction. Quiescent regions of the cell 
edge are marked by ‘Q’. ¢, f, i, Activity maps of Rho GTPase activation: 
colours designate the activation level of the Rho GTPase recorded in a 
sampling window at D = 0 um. j, k, |, Cross-correlation coefficients (colour- 
coded) between edge velocity and Racl (j), Cdc42 (k) and RhoA (I) as a 
function of the sampling window and time shift. m, n, 0, Temporal cross- 
correlation functions for individual cells (black). Red lines indicate average 
cross-correlation functions per GTPase resulting from a spline fit to the 
combined single-cell cross-correlation functions; n = 11 (Racl), n = 12 
(Cdc42) and n = 12 cells (RhoA). Some cells show negative correlation 
coefficients at positive time lags (arrowheads), probably associated with 
ruffling (see text). 


with forward movements of the cell edge. These results show that 
GTPases are activated over a fixed time interval relative to the 
dynamics of the leading edge. 

To estimate more precisely the activation of the three GTPases 
relative to protrusion/retraction events, we averaged the correlation 
coefficients over all sampling windows ofa cell (Supplementary Fig. 4). 
A comparison between cells showed that despite substantial variation 
in shape and morphodynamic behaviour, the relationships between 
GTPase activation and edge movements were preserved (Fig. 2m-o). 
To estimate the average timing between protrusion/retraction and 
GTPase activation across cells the correlation coefficients of individual 
cells were pooled and the significant maximum of a spline function 
fitted through the data determined (Fig. 2m—o, red curves; 
Supplementary Methods). A few cells displayed correlation minima 
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at positive time lags, particularly with Cdc42 and RhoA (Fig. 2n, o, 
arrowheads). These were probably due to ruffling events in which 
GTPases reach a high activation level a few seconds before the lamelli- 
podium is lifted off the substrate and the edge retracts (see 
Supplementary Movies 3-4). Edge retraction generates a negative velo- 
city in the velocity map, and hence a negative cross-correlation with 
elevated GTPase activation. These ruffling events did not affect our 
finding that both Racl and Cdc42 activation lag edge protrusion, 
whereas RhoA is activated during cell protrusion. 

We speculated that the GTPases might be organized not only 
temporally, but also spatially, within the band of modulated signal- 
ling activity (see Fig. le-g). Therefore, we repeated the correlation 
analysis between protrusion and retraction events and activation of 
Racl, Cdc42 and RhoA in sampling windows at various distances 
from the cell edge (Fig. 3a—c, see also Supplementary Movie 7). 
Maxima of the correlation coefficients CM and the corresponding 
time lags At were determined for each distance and fitted with a 
smoothing spline (Fig. 3d—f). For RhoA the correlation coefficient 
was highest at the leading edge and monotonically decreased at larger 
distances from the edge (Fig. 3f, blue line). At D> 2 tm the correla- 
tion coefficient was smaller than 0.2 (Fig. 3d—f, black dashed line), the 
95% confidence level for correlation coefficients of individual cells 
(Supplementary Methods). Thus, beyond 2 um RhoA activity is no 
longer related to protrusion events (Fig. 3f, arrow). Racl and Cdc42 
activities were correlated with edge movements over a wider region 
(4.5 um and 3.2 jim, respectively; Fig. 3d, e, blue curve). Interestingly, 
the highest correlation coefficients were found at a distance 
D= 1.8 + 0.7 um for Racl and at D= 1.3 + 0.7 um for Cdc42. The 
same distance D was obtained when identifying the distance with the 
shortest time lag between edge velocity fluctuations and GTPase 
activation (Fig. 3d, e, red curve), which indicates the location of 
initial GTPase activation. These results indicate that both Racl and 
Cdc42 are activated at ~1.8 jm from the cell edge. The larger time 
lags and lower correlation coefficients at distances other than 1.8 1m 
suggest that the activation of Racl and Cdc42 then propagates in 
anterior and posterior directions, loosing the close coordination with 
edge movements. 

Next, we estimated the between-cell variation of the cross-correlation 
time lag (Fig. 4a) by bootstrapping 2,000 samples from the residual 
distribution of the spline fit to the individual correlation functions in 
Fig. 2m—o. The time lags were consistently negative for all three 
GTPases, that is, the peak in their activation was delayed relative to 
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the protrusion of the cell edge (time lag (s) to protrusion for Racl, 
—41 (—61 —13); Cdc42, —46 (—51 —39); RhoA, —6 (—8 —4); 
mean + 95% confidence interval as determined by bootstrap analysis). 
Hence, Racl, Cdc42 and RhoA each have a different timing of activa- 
tion, which is conserved between cells. 

We were concerned that the measured spatiotemporal shifts of 
Racl, Cdc42 and RhoA activation might be attributed to the different 
biosensor designs we used for each of these proteins (Supplementary 
Fig. 1). Some designs might be more susceptible to competition from 
native ligands, affecting readouts of activation kinetics. Therefore, we 
titrated the concentrations of biosensor components (Supplementary 
Figs 8 and 9) and repeated the timing experiments using different 
biosensor designs for the same GTPase (Supplementary Fig. 10). 
These control experiments confirmed that neither the relative activa- 
tion kinetics nor the localization were a function of biosensor design 
(see Supplementary Materials). 

We also sought to validate the time shifts between GTPase activa- 
tions predicted by computational multiplexing by directly observing 
two signalling activities in the same cell. To this end, we modified the 
Cdc42 biosensor with new fluorophores (Supplementary Fig. 6), 
enabling simultaneous imaging of Cdc42 and RhoA activation in 
one cell (Movie 9). The resulting four-channel image data provided 
unprecedented temporal and spatial resolution for the study of the 
coordination between two signalling molecules, without using the cell 
edge velocity as a reference. Here, fluctuation correlation analysis was 
valuable to harness the full information from multiplex biosensor 
imaging. The data were again analysed locally in sampling windows 
at the leading edge. Averaging the correlation coefficients between the 
Cdc42 and RhoA time courses within one cell and over n = 7 cells we 
obtained a time lag of —34 (—30, —38) s, that is, Cdc42 was activated 
after RhoA (Fig. 4b). This was within the confidence band of 
the computationally predicted difference between Cdc42 and RhoA 
activation (see Fig. 4a), confirming that direct visualization and 
indirect inference of signalling relationships yield the same result. 

Together, these data indicate the following dynamics of Rho family 
GTPase activation in one protrusion-retraction cycle (Fig. 4c): RhoA 
activation increases and decreases in synchrony with protrusion and 
retraction. RhoA activation that is correlated with leading edge 
dynamics is confined to a band 2 tm from the leading edge. Cdce42 
and Racl reach their peak activation with a 40-s delay relative to 
protrusion, and their activation is initiated 1.8 1m from the leading 
edge. Racl and Cdc42 are temporally as well as spatially less coupled 
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Figure 3 | Correlation of Rho GTPase activation and cell edge velocity as a 
function of time and space. a—c, Cross-correlation functions between edge 
velocity and GTPase activation at D = 0 (red line), 0.6, 1.3, 2.5, 4.4 and 

6.3 um. Dashed line indicates 95% confidence level for correlation values. 
d-f, Blue line indicates magnitude of cross-correlation maximum (CM has 
no units) as a function of D (blue bracket in b). Red line indicates time lag of 


4 5 601 2 3 4 5 6 
Distance D from leading edge (um) Distance D from leading edge (um) Distance D from leading edge (1m) 


cross-correlation maxima as a function of D (red bracket in b). Dashed lines 
indicate 95% confidence interval estimated by bootstrap sampling of 
residual distributions to the spline fits (see Supplementary Methods). Grey 
area indicates region with correlation values below 95% confidence. Of note, 
time lags of cross-correlation maxima in this area are no longer meaningful. 
Data derived from n = 6 (Racl), n = 5 (Cdc42) and n = 5 (RhoA) cells. 
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Figure 4 | Spatiotemporal coordination of Rac1, Cdc42 and RhoA 
activation. a, Timing of Rho GTPase activation relative to edge velocity, as 
determined by temporal cross-correlation functions. The variable ‘edge 
movement is being used as the reference signal. Thus, correlation maxima in 
the sector labelled ‘After’ indicate that the GTPase reaches the activation 
maximum after the protrusion event (time point of fastest edge 
advancement). Dashed lines indicate 95% confidence intervals. Data 
originate from n = 11 (Racl), n = 12 (Cdc42) and n = 12 cells (RhoA). 
Confidence intervals were computed by bootstrap sampling of 2,000 
residuals to the spline fits. b, Timing of RhoA activity relative to Cdc42 
activity, both monitored in the same cell, as determined by the temporal 
cross-correlation function. The variable Cdc42 is being used as the reference 
signal. Thus, the correlation maximum in the sector labelled ‘Before’ 
indicates that RhoA reaches the activation maximum before Cdc42 (n = 7 
cells). The y axes for panels a and b are without units. c, Model of GTPase 
activation during protrusion and retraction. Green indicates Racl 
activation; black, RhoA activation; blue, Cdc42 activation. 


to protrusion. Cdc42, and even more so Racl, maintain significant 
levels of activity during the retraction phase, such that lower levels of 
Racl activation overlap the onset of the next protrusion cycle. Racl 
and Cdc42 signals propagate from their location of initial activation 
in anterograde and retrograde directions via as-yet-unidentified 
mechanisms. 

The delayed activation of Racl and Cdc42 suggests that in spontan- 
eous cell motility, that is, without active stimulation by growth factors, 
their primary role may not be in initiating protrusion, as is currently 
supposed’. Although the early, low activation level of Racl we observe 
may still be sufficient for this role, the peak activities for Racl and 
Cdc42 are localized closer to the sites of maturating adhesions 
(~1.8 tm behind the protruding leading edge’®). Racl and Cdc42 
seem to be affecting protrusion by regulating adhesion dynamics'”, 
probably by reinforcing adhesion sites that are formed to balance 
increasing protrusive forces at the leading edge*®*'. In addition, our 
data support the notion that Racl operates as an antagonist to RhoA". 
RhoA activity is rapidly suppressed as Racl reaches its maximum 
activation. RhoA is usually thought to be a mediator of contractility. 
Here, we propose that the synchronized activation of RhoA with 
protrusion relates to a second function of RhoA as an initiator of 
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actin polymerization at the onset of the protrusion-—retraction cycle, 
possibly via its ability to activate members of the formin family such as 
mDia””’. In addition, the RhoA—mDia pathway is known to stabilize 
microtubules specifically in leading edge adhesions™. This may con- 
tribute to the activation of Racl we observed at adhesion sites, perhaps 
via positive feedback between microtubule growth and Racl activa- 
tion” and/or via the engagement of integrins that regulate the coupling 
of Racl to its effector Pak1**, which is known to exhibit mutually 
positive feedback"*. 

We present two complementary approaches to in situ analysis of 
cellular pathways. Simultaneous imaging presents unprecedented 
spatial and temporal resolution to explore the relationship between 
two pathways, whereas ‘computational multiplexing’ enables correla- 
tion of many signalling activities. Computational multiplexing makes 
use of the spontaneous activation of pathways by random local 
changes in signalling molecules due to low level stochastic stimulation 
of receptors, variations in concentration, and so on. Thus, it is poten- 
tially less perturbing than methods that rely on acute cell stimulation 
to initiate a signalling cascade. The sensitivity required to capture the 
coupling of spontaneous molecular activities is achieved for two 
reasons: first, by very local image measurement, below the diffusion 
radius of signalling molecules, our analysis captures the immediate 
relationship between the states of a signalling pathway and its mor- 
phological outputs. Although the activity levels of pathway compo- 
nents and hence the pathway outputs may vary between cellular 
locations and between cells, the hierarchy and timing between 
pathway components are conserved. Second, measurement noise is 
greatly reduced by averaging thousands of local relationships between 
activities. Together, these properties permit the pathway to be re- 
constructed despite significant cell-to-cell heterogeneity. 

We chose to illustrate computational multiplexing for a pathway 
controlling cell morphology, enabling us to use cell morphological 
dynamics as a reference to align distinct signalling events observed in 
different experiments. However, the method is readily scalable to 
more and diverse activities. Relationships between signals can also 
be inferred in pathways without spatial cues. In this case, one of the 
biosensors may itself be used as the common reference in a series of 
experiments where it is imaged simultaneously in pairings with other 
biosensors. Again, the statistical approaches described for computa- 
tional multiplexing will be useful to integrate into a pathway model 
the heterogeneous and complex responses made visible by simultan- 
eous imaging of different biosensor combinations. 


METHODS SUMMARY 

Biosensors. The three biosensors were made and used as originally described**, 
with modifications where noted in the text. The Cdc42 biosensor was modified 
for multiplex imaging by removing EGFP and replacing it with an Alexa750 dye. 
This produced a biosensor with wavelengths orthogonal to those of the RhoA 
biosensor. The new Cdc42 biosensor was fused to maltose-binding protein to 
enhance solubility. For control studies a new dual-chain RhoA biosensor was 
constructed by eliminating the linker in the published RhoA biosensor (see 
Supplementary Information). 

Live cell imaging. Biosensors were imaged as previously described*””*. In order 
to obtain sufficient signal/noise for multiplexing, cells with biosensor were 
filmed at 10-s intervals, using a 40X/1.3 NA objective and binning, resulting 
in an effective pixel size in object space of 330 nm. 

Ratiometric corrections. Raw images were aligned and noise-filtered to allow 
ratiometric correction of volume effects, bleed-through and variation in sensor 
concentration. 

Image analysis. Corrected biosensor images were segmented and cell edge dis- 
placements tracked as in ref. 13. Sampling windows of 0.9 jum depth and 1.8— 
3 um width were constructed to follow morphological changes at a fixed distance 
from the cell edge. For each window, biosensor activation time courses were 
recorded. For windows placed at the cell edge, a time course of protrusion/ 
retraction velocity was recorded additionally. Coupling of two activity time 
courses was analysed per window by Pearson’s cross-correlation function. 
Subsequently, for a cell the per-window correlation functions were averaged 
over all windows following the edge at a specific distance D (Fig. li). Per-cell 
correlation functions were averaged over multiple cells and statistically analysed 
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by bootstrap sampling to determine the significance and time lag of the coupling 
between two activities. All procedures are detailed in Supplementary Methods. 
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A genetically encoded photoactivatable Rac controls 


the motility of living cells 


Yil. Wu’, Daniel Frey*, Oanal. Lungu’”, Angelika Jaehrig’”, Ilme Schlichting’, Brian Kuhlman?” & Klaus M. Hahn’? 


The precise spatio-temporal dynamics of protein activity are often 
critical in determining cell behaviour, yet for most proteins they 
remain poorly understood; it remains difficult to manipulate 
protein activity at precise times and places within living cells. 
Protein activity has been controlled by light, through protein deri- 
vatization with photocleavable moieties' or using photoreactive 
small-molecule ligands’. However, this requires use of toxic ultra- 
violet wavelengths, activation is irreversible, and/or cell loading is 
accomplished via disruption of the cell membrane (for example, 
through microinjection). Here we have developed a new approach 
to produce genetically encoded photoactivatable derivatives of 
Racl, a key GTPase regulating actin cytoskeletal dynamics in 
metazoan cells**. Racl mutants were fused to the photoreactive 
LOV (light oxygen voltage) domain from phototropin”*, sterically 
blocking Rac] interactions until irradiation unwound a helix link- 
ing LOV to Racl. Photoactivatable Racl (PA-Racl) could be 
reversibly and repeatedly activated using 458- or 473-nm light to 
generate precisely localized cell protrusions and _ ruffling. 
Localized Rac activation or inactivation was sufficient to produce 
cell motility and control the direction of cell movement. 
Myosin was involved in Rac control of directionality but not in 
Rac-induced protrusion, whereas PAK was required for Rac- 
induced protrusion. PA-Racl was used to elucidate Rac regulation 
of RhoA in cell motility. Rac and Rho coordinate cytoskeletal 
behaviours with seconds and submicrometre precision”*. Their 
mutual regulation remains controversial’, with data indicating 
that Rac inhibits and/or activates Rho'". Rac was shown to 
inhibit RhoA in mouse embryonic fibroblasts, with inhibition 
modulated at protrusions and ruffles. A PA-Rac crystal structure 
and modelling revealed LOV-Rac interactions that will facilitate 
extension of this photoactivation approach to other proteins. 
Recent NMR studies revealed the mechanism of a protein light 
switch in Avena sativa phototropin1 (refs 6, 12): a flavin-binding 
LOV2 domain interacts with a carboxy-terminal helical extension 
(Ju) in the dark. Photon absorption leads to formation of a covalent 
bond between Cys 450 and the flavin chromophore, causing confor- 
mational changes that result in dissociation and unwinding of the Jo 
helix. We fused the complete LOV2-Ja sequence (404-547) to the 
amino terminus of a constitutively active Racl, anticipating that the 
LOV domain in its closed conformation would block the binding of 
effectors to Racl, and that light-induced unwinding of the Jo helix 
would release steric inhibition, leading to Racl activation (Fig. la). 
Sampling of different junctional sequences in pull-down assays 
revealed that connecting Leu 546 of LOV2-Ju to Ile 4 of Racl led to 
substantial reduction in Racl binding to its effector PAK (Fig. 1b and 
Supplementary Fig. la). To ensure that the photoactivatable Racl 
would induce no dominant-negative effects and that its activity would 
not be subject to upstream regulation, mutations were introduced to 


abolish GTP hydrolysis and diminish interactions with nucleotide 
exchange factors, guanine nucleotide dissociation inhibitors (Q61L) 
and GTPase activating proteins (E91H and N92H) (Supplementary 
Fig. 2 and Supplementary text “Characterization of Racl constructs’). 
This resulted in the photoactivatable analogue of Racl (PA-Racl) 
used in the following studies. Pull-down assays showed that PA- 
Racl has greatly reduced affinity for its effector protein PAK in the 
dark, as does a PA-Racl construct containing a light-insensitive LOV2 
mutation (C450A)"*. Effector binding was restored in a PA-Racl con- 
struct containing a LOV2 mutant (I539E)'* which mimics the 
unfolded ‘lit state’ (Fig. 1b and Supplementary Fig. 1b). Isothermal 
titration experiments indicated that the dark and lit state mutants of 
PA-Racl differed tenfold in effector binding (200 nM versus 2 uM) 
(Supplementary Fig. 3 and Supplementary Table 1), with lit state 
effector affinity similar to that of native Rac’. 

Activation of PA-Racl was examined in HeLa cells expressing a YFP 
fusion of PA-Racl to gauge expression level. The cells remained qui- 
escent when illuminated with wavelengths longer than flavin absor- 
bance (515, 568 or 633 nm, data not shown), but within seconds after 
switching to 458 nm, lamellipodial protrusions and membrane ruffles 
appeared around the cell edges (Fig. 1c and Supplementary Movie 1). 
To show that this effect was due to PA-Racl, kymograms were used to 
quantify maximum protrusion length; irradiation of PA-Racl elicited 
protrusions that were four times as long as those seen in cells expressing 
either LOV domain alone or the light-insensitive PA-Racl(C450A) 
mutant (Supplementary Fig. 4). An important advantage of PA-Racl 
is its ability to control precisely the subcellular location of Rac activa- 
tion. We first examined this in mouse embryo fibroblasts (MEFs) 
stably expressing PA-Racl, and cultured without serum to minimize 
cell activity before irradiation. Irradiation of 20-11m spots at the cell 
edge generated large protrusions clearly localized next to the point of 
irradiation (Fig. 1d and Supplementary Movie 2). Repeated irradiation 
led first to ruffles and then to protrusion. YFP—actin, YFP—PAK and 
YFP—Arp3 revealed actin polymerization at the edge of the Rac- 
induced protrusions with associated translocation of downstream 
effectors, and induction of localized PAK phosphorylation was shown 
by immunostaining (Supplementary Figs 5 and 6 and Supplementary 
Movies 3 and 4). Movement ofa laser spot to different positions led to 
cessation of ruffling or protrusion at the initial irradiation position and 
new activities appearing where the laser spot was brought to rest (HeLa 
cells, Supplementary Movie 5), demonstrating reversible activation. In 
MEF cells, more prone to movement than HeLa cells, complex shape 
changes were produced by ‘painting’ the cell with the laser spot 
(Supplementary Movie 6). The area of protrusions in MEF cells was 
dependent on light dosage, indicating the valuable ability to control the 
level of Rac! activation (Supplementary Fig. 7). PA-Racl diffusion was 
analysed using fluorescence recovery after photobleaching (FRAP) and 
using PA-Racl tagged with photoactivatable GFP'® (Supplementary 
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Figure 1| Engineering and in vivo characterization of a photoactivatable 
Racl (PA-Rac1). a, Cartoon representation of PA-Racl design. hv, 
irradiation. b, Pull down of PA-Racl constructs with PAK in the dark. 
Truncations of LOV and Rac at their linkage point were tested: 539-547 in 
red, terminal amino acid of Jo; 2-4 in green, first residue of Racl. 546-4 
showed the strongest inhibition. PA-Racl, 546-4 Q61L/E91H/N92H; PA- 
Racl(C450A), light-insensitive mutant; PA-Rac1(1539E), lit state mutant. 
Pull down by constitutively active (Q61L) and dominant negative (T17N) 
mutants are included for comparison with PA-Racl. ¢, Whole-cell 
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Figure 2 | Localized activation or inactivation of PA-Rac1 induces myosin- 
dependent migration. a, Protrusion/retraction map after a single pulse of 
activating illumination. MEFs expressing PA-Racl (left) generated 
protrusions at the site of irradiation (red) and retraction at the opposite side 
of the cell (blue) (in all 50 cells studied). Irradiation of the dominant- 
negative T17N mutant of PA-Racl (right) produced retraction near the 
point of irradiation, with protrusion in area(s) other than the site of 
irradiation (in all 25 cells studied). b, Repeated activation of PA-Racl at the 
cell edge induces directional migration. (MEF, 2-min intervals, average 0.8 
[um movement per pulse, m = 6.) c, Localized activation of PA-Racl in the 
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irradiation of a HeLa cell expressing PA-Racl (minutes after irradiation, 
DIC, short axis of box = 20 tm). d, Spatial control of Racl activity. A 20-lm 
circle (red) was irradiated every 60s in serum-starved MEF cells. Solid line, 
cell border at time 0; dotted line, 10 min after initial light pulse. Little 
movement of the cell border was detected, except adjacent to the point of 
irradiation. The kymograph (taken using white line, 20 [um), shows the initial 
formation of ruffles after each pulse, followed by protrusion (arrowheads 
indicate irradiation pulses). 
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presence of ML-7 (MLCK inhibitor, 1 1M), blebbistatin (myosin II ATPase 
inhibitor, 1 1M) or Y-27632 (ROCK inhibitor, 10 1M). Protrusions analysed 
as in panela. d, Effect of myosin or ROCK inhibition on the ability of Racl to 
specify the direction of movement. The cosine of the angle between two lines 
(from the irradiation spot to the cell centroid at time 0, from the centroid at 
time 0 to the centroid at the end of the experiment) indicated how much the 
cell deviates from the direction specified by local irradiation. For ¢, d, n > 25; 
means + 95% confidence intervals; throughout Fig. 3 irradiation at 458 nm, 
spot diameter = 10 jim; time shown is in minutes and seconds. 
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Fig. 8 and Supplementary Movies 7 and 8), indicating that PA-Racl 
diffuses more slowly than cytosolic proteins, probably because it is 
membrane bound (10,m spot, FRAP D=0.55um’s' or 
tj = 12.18; PA-GFP ty. = 14.68). The half-life of dark recovery for 
PA-Racl was determined to be 43s at room temperature. Simulation 
using this value indicated that, for two adjacent 10-um spots, the 
unirradiated spot will achieve at most 7.5% the activation of the irrad- 
iated region (Supplementary Fig. 8c). Together these studies validate 
PA-Racl as a robust, genetically encoded and reversible caged protein 
effective in living cells. 

We used PA-Racl to ask whether localized Rac activation is suf- 
ficient to specify cell polarity. In MEF cells, activating Racl at one 
spot near the cell edge not only generated protrusion locally, but also 
produced retraction on the opposite side of the cell (Fig. 2a and 
Supplementary Movie 9). To test whether this cross-cell coordina- 
tion was due to a gradient of Racl activity, we fused the LOV domain 
to a dominant-negative mutant of Racl using the same linkage as in 
PA-Racl. Irradiation of this PA-Racl(T17N) led to nearby retraction 
rather than protrusion, and now generated protrusion in other areas 
of the cell (Fig. 2a and Supplementary Movies 10 and 11). The ability 
of Racl alone to control polarized movement was confirmed by 
repeated irradiation at the cell edge, which could be used to produce 
prolonged cell movement by generating consistent coordinated 
extension and retraction (MEF cells, Fig. 2b and Supplementary 
Movie 12; HEK293 cells, Supplementary Movie 13). In contrast to 
MEF and HEK293 cells, HeLa cells showed localized protrusion but 
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Figure 3 | Inhibition of RhoA by PA-Racl. a, Hela cells expressing RhoA 
biosensor and either PA-Racl or its C450M photoinactive mutant, 
illuminated in a 10-,m circle with a single pulse of 473-nm light. Changes in 
the FRET efficiency (Ecorr) of the RhoA biosensor, indicative of RhoA 
activation, are shown in pseudocolour and as plots of average FRET 
efficiency within the irradiated circle (blue) and a nearby circle (red). In the 
PA-Racl cells, the irradiated spot showed bleaching of the biosensor 
followed by a relatively constant level of reduced RhoA activity. The nearby 
spot showed no bleaching, but a gradual decrease in RhoA activity reaching 
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could not be induced to retract or move simply by activating Rac 
(Supplementary Movie 3), indicating that Rac-induced motility is 
subject to modulation by other pathways. 

PA-Racl enabled control of Racl activity without the prior cellular 
compensation seen with other techniques, that is, mutation or altered 
expression. Using this advantage, we examined the role of myosin, a 
key mediator of actin-based contractility, in Rac-induced motility. 
Global inhibition of myosin activity using the myosin ATPase inhibitor 
blebbistatin or the myosin light chain kinase inhibitor ML-7 strongly 
affected Rac’s ability to specify the direction of cell movement, but 
minimally affected Rac-induced protrusion (Fig. 2c, d). Myosin may 
mediate Rac’s control of directionality through induction of tail retrac- 
tion’’, contraction of the cell cortex to direct protrusive force’*, or 
coupling of actin to adhesions differently at the front and rear’’. In 
contrast, inhibition of PAK was found to strongly affect Rac-induced 
protrusion (Supplementary Fig. 9). Inhibition of the Rho-activated 
kinase ROCK using Y27632 suggested a role for ROCK in Rac-induced 
protrusion, but these results must be interpreted with caution owing to 
known off-target effects”®. 

Where and how Rac regulates Rho in vivo remains largely 
unknown; this was examined by using PA-Racl together with a 
RhoA biosensor®. Localized activation of Racl led to immediate 
inhibition of RhoA, and this inhibition spread outwards from the 
irradiated spot (Fig. 3a and Supplementary Movie 14). This was not 
simply an artefact of biosensor photobleaching, as irradiating the 
photoinactive C450M mutant (Fig. 2c) of PA-Racl led to localized 
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the low level achieved in the irradiated spot (n = 3 cells). In the control cells 
(C450M), the biosensor returned to near initial activation readouts after 
bleaching, and no change was seen in the nearby spot (n = 3 cells). Time 
shown is in minutes and seconds. b, RhoA activation in constitutive 
pseudopods*”! versus pseudopods induced by PA-Racl (473 nm, 20-j1m 
circle shown, Supplementary Movie 15). ¢, The bar graph shows the per cent 
increase in biosensor FRET/CFP ratio in the region 1 ym from the cell edge 
versus the mean of the flat region at the left of the line scan. Means + 95% 
confidence intervals, 18 lines from 6 cells per bar. 
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PAK 


Figure 4 | Crystallization and structural modelling of PA-Racl. a, Dark 
state crystal structure of PA-Racl. Blue, LOV domain; red, J helix; green, 
Racl. b, Interacting residues at the LOV-Rac interface (arrow in panel 

a), including Trp 56. c, Mutating Cdc42 to include the Trp involved in 
stabilizing the LOV2-Racl interaction substantially improved LOV 
inhibition of Cdc42. Lane 1, PA-Cdc42; linking LOV to Cdc42 using the 
same truncations that produced good inhibition for Rac does not inhibit 
Cdc42-PAK binding. Lane 2, PA-Cdc42-CRIB; covalently linking the CRIB 
domain of PAK to PA-Cdc42 blocks PAK binding. Lane 3, PA-Cdc42(F56W) 
(PA-Cdc42W); introduction of the tryptophan substantially improves LOV 
inhibition of Cdc42 binding to PAK. Lane 4, lit state mutant of PA- 
Cdc42(F56W) (PA-Cdc42W(I539E), showing that Cdc42 inhibition is 
sensitive to the lit/dark state of the LOV domain. Supplementary Movie 16 
and Supplementary Fig. 14 demonstrate the ability of PA-Cdc42(F56W) to 
produce filopodia and protrusions in living cells. 


biosensor photobleaching and recovery, but no prolonged local 
inhibition or wave of inhibition (Fig. 3a). There were marked differ- 
ences between constitutive MEF protrusions and protrusions 
induced by pulsed PA-Racl irradiation. In contrast to constitutive 
protrusions, RhoA activity was greatly reduced in protrusions 
induced by PA-Rac (Fig. 3b). Inhibition of RhoA seems to be com- 
partmentalized or controlled kinetically when Rac is activated in the 
context of normal motility, as both active Rac and active Rho are seen 
at the leading edge’**'. PA-Rac activation led to large ruffles moving 
from the site of irradiation rearwards towards the nucleus 
(Supplementary Movie 15), suggesting that Rac regulates rearwards 
membrane flow. In control experiments, irradiation of cells expres- 
sing the photoinactive C450M mutant did not produce polarized 
ruffling or show reduced RhoA activity (data not shown). 

To understand the structural basis of the PA-Racl switch for 
future application to other proteins, we performed Rosetta structure 
prediction simulations on several LOV2-Racl constructs, and 
determined high-resolution crystal structures of photoactive and 
inactive PA-Racl in the dark state. The crystal structures confirmed 
that the LOV domain occludes effector binding in the dark state 
(Fig. 4a and Supplementary Table 2). LOV-Ja adopted a closed con- 
formation that superimposes with the recently published structure of 
isolated LOV-Ja (ref. 23). In the conformational ensemble predicted 
by simulations of the dark state, the effector binding site of Rac was 
sterically blocked by the LOV domain in a majority of the low-energy 
models (Supplementary Tables 3—5 and Supplementary Figs 10-13). 
Consistent with pull-down assays (Fig. 1b and Supplementary 
Fig. la), adding or removing even one residue from the connection 
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between LOV and Rac resulted in conformational ensembles with 
exposed effector binding sites. In the dark state, Rac was seen to form 
an extensive interface with the LOV domain (Fig. 4b), occluding Rac 
binding interactions. Given the substantial structural similarity 
between Racl and Cdc42, we hypothesized that the LOV domain 
could also be used to cage Cdc42. However, the linkage used for 
PA-Racl failed to reduce Cdc42 binding to PAK (Fig. 4c and 
Supplementary Fig. 1d). Using the PA-Racl crystal structure as a 
template, a model was built of the Cdc42—LOV dark state. At the 
interface between Rac and LOV a hydrophobic cluster is formed 
between residues Phe37 and Trp56 from Rac and Leu 422, 
Pro 423, Ile 428, Tyr508 and Leu546 from LOV. Consistent with 
this being a weak, non-evolved interaction, most of the hydrogen- 
bonding potential at the Rac-LOV interface is satisfied by buried and 
partially buried water molecules instead of inter-domain hydrogen 
bonds (Fig. 4b). This interface model was used to identify a mutation 
to Cdc42, F56W, at the Rac-LOV interface, that was predicted to 
stabilize the dark state. Pull-down assays showed that this mutation 
substantially improves dark-state inhibition of PAK binding, and 
produces differential affinity for Cdc42 effector in the dark versus 
the lit state (Fig. 4d). In living cells, irradiation of the mutated PA- 
Cdc42 led to production of filopodia and in some cases protrusions 
and/or ruffles, consistent with Cdc42 induction of filopodia and 
activation of Rac* (Supplementary Fig. 14 and Supplementary 
Movie 16). These results argue that PA-Racl can serve as a blueprint 
for engineering other caged GTPases. 

We have engineered genetically encoded photoactivatable Racl 
analogues that enable precise spatial and temporal control of Rac 
activity in live cells, with reversible activation at 458 or 473 nm. 
Localized Rac activation or deactivation was sufficient to generate 
polarized cell movement. Rac could be activated without cellular 
compensation, enabling us to probe the role of myosin and PAK in 
Rac-mediated motility. Spatially regulated Rac inhibition of Rho was 
demonstrated in living cells. Structural studies indicate that a non- 
evolved interaction at the Rac-LOV interface can be engineered to 
cage other GTPases. This study and other recent work’ ** show that 
coupling genetically encoded light-modulated domains to other 
proteins provides a versatile new route to control protein activities 
in living cells. 


METHODS SUMMARY 


Imaging experiments were conducted on an Olympus FluoView 1000 laser scan- 
ning confocal microscope and an Olympus IX81-ZDC inverted microscope. 
Biosensor imaging was performed as previously described*”’. Simultaneous bio- 
sensor imaging and activation of PA-Rac was achieved using a MAG Biosystems 
FRAP-3D add-on (Photometrics) for galvanometer control of laser position. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 21 March; accepted 30 June 2009. 
Published online 19 August 2009. 


1. Goeldner, M. & Givens, R. Dynamic Studies in Biology: Phototriggers, Photoswitches 
and Caged Biomolecules (Wiley-VCH, 2005). 

2. Fortin, D. L. et al. Photochemical control of endogenous ion channels and cellular 
excitability. Nature Methods 5, 331-338 (2008). 

3. Raftopoulou, M. & Hall, A. Cell migration: Rho GTPases lead the way. Dev. Biol. 
265, 23-32 (2004). 

4. Ridley, A. J. etal. Cell migration: integrating signals from front to back. Science 302, 
1704-1709 (2003). 

5. Christie, J. M., Salomon, M., Nozue, K., Wada, M. & Briggs, W. R. LOV (light, 
oxygen, or voltage) domains of the blue-light photoreceptor phototropin (nph1): 
binding sites for the chromophore flavin mononucleotide. Proc. Natl Acad. Sci. USA 
96, 8779-8783 (1999). 

6. Harper, S. M., Neil, L. C. & Gardner, K. H. Structural basis of a phototropin light 
switch. Science 301, 1541-1544 (2003). 

7. Kraynov, V. S. et al. Localized Rac activation dynamics visualized in living cells. 
Science 290, 333-337 (2000). 

8. Pertz, O., Hodgson, L., Klemke, R. L. & Hahn, K. M. Spatiotemporal dynamics of 
RhoA activity in migrating cells. Nature 440, 1069-1072 (2006). 

9. Burridge, K. & Wennerberg, K. Rho and Rac take center stage. Cell 116, 167-179 
(2004). 


107 


©2009 Macmillan Publishers Limited. All rights reserved 


LETTERS 


0. 


il, 


20. 


21. 


22. 


23. 


108 


Ridley, A. J., Paterson, H. F., Johnston, C. L., Diekmann, D. & Hall, A. The small 
GTP-binding protein rac regulates growth factor-induced membrane ruffling. Cell 
70, 401-410 (1992). 

Sander, E. E., ten Klooster, J. P., van Delft, S., van der Kammen, R. A. & Collard, J. G. 
Rac downregulates Rho activity: reciprocal balance between both GTPases 
determines cellular morphology and migratory behavior. J. Cell Biol. 147, 
009-1022 (1999). 

Yao, X., Rosen, M. K. & Gardner, K. H. Estimation of the available free energy ina 
LOV2-Ja photoswitch. Nature Chem. Biol. 4, 491-497 (2008). 

Salomon, M., Christie, J. M., Knieb, E., Lempert, U. & Briggs, W. R. Photochemical 
and mutational analysis of the FMN-binding domains of the plant blue light 
receptor, phototropin. Biochemistry 39, 9401-9410 (2000). 

Harper, S. M., Christie, J. M. & Gardner, K. H. Disruption of the LOV-Ja helix 
interaction activates phototropin kinase activity. Biochemistry 43, 16184-16192 
(2004). 

Thompson, G., Owen, D., Chalk, P. A. & Lowe, P. N. Delineation of the Cdc42/Rac- 
binding domain of p21-activated kinase. Biochemistry 37, 7885-7891 (1998). 
Patterson, G. H. & Lippincott-Schwartz, J. A photoactivatable GFP for selective 
photolabeling of proteins and cells. Science 297, 1873-1877 (2002). 
Vicente-Manzanares, M., Zareno, J., Whitmore, L., Choi, C. K. & Horwitz, A. F. 
Regulation of protrusion, adhesion dynamics, and polarity by myosins IIA and IIB 
in migrating cells. J. Cell Biol. 176, 573 (2007). 

Burridge, K. & Chrzanowska-Wodnicka, M. Focal adhesions, contractility, and 
signaling. Annu. Rev. Cell Dev. Biol. 12, 463-518 (1996). 

Giannone, G. et al. Lamellipodial actin mechanically links myosin activity with 
adhesion-site formation. Cell 128, 561-575 (2007). 

Davies, S. P., Reddy, H., Caivano, M. & Cohen, P. Specificity and mechanism of 
action of some commonly used protein kinase inhibitors. Biochem. J. 351, 95-105 
(2000). 

Kurokawa, K. & Matsuda, M. Localized RhoA activation as a requirement for the 
induction of membrane ruffling. Mol. Biol. Cell 16, 4294-4303 (2005). 

Rohl, C. A., Strauss, C. E., Misura, K. M. & Baker, D. Protein structure prediction 
using Rosetta. Methods Enzymol. 383, 66-93 (2004). 

Halavaty, A. S. & Moffat, K. N- and C-terminal flanking regions modulate light- 
induced signal transduction in the LOV2 domain of the blue light sensor 
phototropin 1 from Avena sativa. Biochemistry 46, 14001-14009 (2007). 


NATURE|Vol 461|3 September 2009 


24. Nobes, C. D. & Hall, A. Rho, rac, and cdc42 GTPases regulate the assembly of 
multimolecular focal complexes associated with actin stress fibers, lamellipodia, 
and filopodia. Cell 81, 53-62 (1995). 

25. Lee, J. etal. Surface sites for engineering allosteric control in proteins. Science 322, 

438-442 (2008). 

26. Moglich, A., Ayers, R. A. & Moffat, K. Design and Signaling Mechanism of Light- 

Regulated Histidine Kinases. J. Mol. Biol. 385, 1433-1444 (2008). 

27. Strickland, D., Moffat, K. & Sosnick, T. R. Light-activated DNA binding in a 

designed allosteric protein. Proc. Natl Acad. Sci. USA 105, 10709-10714 (2008). 

28. Leung, D. W., Otomo, C., Chory, J. & Rosen, M. K. Genetically encoded 

photoswitching of actin assembly through the Cdc42-WASP-Arp2/3 complex 

pathway. Proc. Natl Acad. Sci. USA 105, 12797-12802 (2008). 

29. Hodgson, L., Shen, F. & Hahn, K. M. Biosensors for characterizing the dynamics of 

Rho family GTPases in living cells. Curr. Protoc. Cell Biol. (in the press). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements We are grateful for help and constructs from W. Briggs, 

K. Moffat, A. Tripathy, G. Bokoch and K. Jacobson. Diffraction data were collected 
at the Swiss Light Source, beamline X10SA, Paul Scherrer Institute, Villigen, 
Switzerland. We thank the Dortmund-Heidelberg team for data collection, and 
A. Pauluhn and M. Fuchs for their support in setting up the beamline. This research 
was supported by the American Heart Association (Y.I.W.) and the National 
Institutes of Health (K.M.H. grants GM057464 and GM64346). 


Author Contributions Y.|.W. initiated the project, demonstrated the validity of 
caging Rac with LOV, and performed the studies of Rac biological function. He was 
assisted by A.J. in cloning and protein expression. D.F. and |.S. determined and 
analysed the crystal structures. O.|.L. performed molecular modelling and isothermal 
calorimetry studies under the direction of B.K. K.M.H. coordinated the study and 
wrote the final version of the manuscript, based on contributions from all authors. 


Author Information The structural coordinates of PA-Racl and its mutants have 
been submitted to the Protein Data Bank under accessions 2wkp (wild type), 2wkq 
(C450A) and 2wkr (C450M). Reprints and permissions information is available at 
www.nature.com/reprints. Correspondence and requests for materials should be 
addressed to K.M.H. (khahn@med.unc.edu) or Y.I.W. (yiwu@med.unc.edu). 


©2009 Macmillan Publishers Limited. All rights reserved 


doi:10.1038/nature08241 


METHODS 

DNA cloning. The cDNA encoding the LOV2 domain of Avena sativa (oat) 
Phototropin! (404-546), including the C-terminal helical extension (Ja), was 
a gift from K. Moffat. Chimaeric fusion constructs consisting of LOV2-Ju fused 
to Racl or Cdc42 were generated using an overlapping PCR approach so that 
precise junctional sequences could be engineered without being limited by 
restriction sites. These included truncations/extensions of the LOV2-Ja C 
terminus (539-547), the N terminus (2—4) of the GTPases, or insertions of 
designed Schellman caps (KEAGADQI and KELKEAGADQI)'. The 
QuickChange (Stratagene) protocol was used to introduce additional point 
mutations, including C450A or C450M, and I539E to mimic the dark and lit 
state of the LOV domain, respectively. PA-Racl was constructed as follows: 
LOV2-Ja(404—546)—Racl (4-192)/Q61L/E91H/N92H. These constructs were 
inserted into a pTriEx (Novagen) vector for transient expression in mammalian 
cells as well as in bacteria. For crystallization, C-terminally truncated PA-Racl 
(A181-192) was subcloned into the pQE-30 vector (Qiagen). Fluorescent 
proteins mVenus’, mCherry’ and mPA-GFP* were inserted at the N terminus 
of the LOV domain with a short GSGS linker to monitor expression and sub- 
cellular localization. After initial characterization, PA-Racl with different fluor- 
escent protein tags was subcloned into pBabe-TetCMV vector for retroviral 
production and establishment of stable MEF Tet-Off cell lines. High-fidelity 
Pfu Turbo DNA polymerase (Stratagene) was used in PCR reactions and all 
plasmids were verified by DNA sequencing. 

Pull-down assay of effector binding. mVenus-tagged LOV2-Ju and Racl fusion 
constructs were coexpressed with Flag-tagged PAK] in HEK293 (LinXE) cells by 
transient transfection using Fugene 6 (Roche). The cells were lysed in 50 mM Tris 
pH7.5, 150mM NaCl and 1% Triton X-100 (lysis buffer) with addition of 
EDTA-free protease inhibitor cocktail (Roche). After brief centrifugation, the 
supernatants were incubated with Flag/M2-agarose (Sigma) followed by washes 
with lysis buffer, and elution with lysis buffer containing 200 ug ml_' 3X Flag 
peptide (Sigma). All procedures were done at 4°C under red light, facilitated 
using Handee spin columns (Pierce). The purified protein complexes as well as 
cell lysates were fractionated on 4—-12% NuPAGE gels (Invitrogen) followed by 
western blot analysis using antibodies against fluorescent protein (JL-8, 
Clontech) and PAK (N-20, Santa Cruz). Myc pull-down experiments were 
performed similarly using anti-Myc agarose and Myc peptide (Sigma) to investi- 
gate the interaction of PA—Rac constructs with p50RhoGAP. 

Expression, purification and characterization of proteins used for crystalliza- 
tion. C-terminal truncated PA-Racl (A181-192) was expressed in Escherichia 
colistrain XL-10 Gold (Stratagene) at 30 °C overnight. All purification steps were 
done under yellow light at 4 °C. Cells were lysed in 20 mM Tris pH 8.5, 50 mM 
NaCl, 5mM MgCl, and 2mM 2-mercaptoethanol. Protein was purified with a 
Ni-NTA-FastFlow column (Qiagen) exploiting the N-terminal 6X His tag. The 
elution was dialysed against 10 mM Tris pH 8.5, 20 mM NaCl, 5 mM MgCl and 
2mM 2-mercaptoethanol. The protein was bound to a MonoQ column (GE 
Healthcare) and eluted with a linear gradient (0-250mM NaCl in 50CV). 
Fractions containing the protein were concentrated (30 kDa cutoff, Millipore) 
and further purified by Superose 6 gel filtration chromatography (GE 
Healthcare, 10mM Tris pH 8.5, 20mM NaCl, 5mM MgCl, and 2mM DTE). 
Before crystallization the protein was concentrated to 10 mg ml! (30 kDa cut- 
off, Millipore). All proteins were characterized spectroscopically. PA-Racl 
showed reversible light/dark conversion. The dark recovery rate of PA-Racl 
was measured as described previously’. The inactive C450A mutation showed 
no effect on light illumination whereas truncated C450M (A181-192) was prone 
to aggregation on light illumination and, therefore, no data for light/dark con- 
version could be measured. 

Crystallization. Crystallization was carried out under dimmed red light at 20 °C. 
PA-Racl and its C450A and C450M mutants were crystallized using the vapour 
diffusion method by mixing equal volumes of protein (10 mg ml ') and precipi- 
tant solution (100 mM calcium acetate/100 mM sodium cacodylate/12% (w/v) 
PEG 8000 or 4% (w/v) PEG 4000/100 mM potassium chloride). Yellow pencil- 
shaped crystals appeared overnight and grew to a final size of 
50 X 50 X 1,000 um? in a week. To avoid photoactivation, crystal handling 
was done by shielding the microscope light bulb with a 2-mm-thick RG630 filter 
(ITOS). Before cooling the crystals in liquid nitrogen they were transferred 
stepwise to precipitant solution supplemented with 20% (v/v) ethylene glycol 
for cryoprotection. 

Data collection and structure determination. Diffraction data were collected at 
the X10SA beamline (Swiss Light Source) under standard cryogenic settings. 
Data were reduced using the XDS suite® (Supplementary Table 2) and the struc- 
ture was solved by molecular replacement’ using subsequentially 2VOU®* and 
1MH1° as the initial models. During several rounds of refinement with 
PHENIX" and manual model building in COOT", FMN, GTP, Mg**, Ca** 


nature 


and solvent molecules were included in the model. Structures were validated 
using MOLPROBITY” and PROCHECK"? (see Supplementary Table 2 for final 
statistics). 

Structural modelling for linker optimization. The Rosetta program'*'’? was 
used to predict the dark state structure of LOV2-Racl based on the solved crystal 
structures of dark state LOV2° (Protein Data Bank (PDB) code 2VOU) and Racl? 
(PDB code 1MH1). Structure prediction simulations were performed on LOV2-— 
Racl 545-4, 546-4 and 547-4 constructs. In these simulations, the torsion angles 
of the residues connecting the two proteins were optimized with Monte Carlo 
sampling. Using the Rosetta domain assembly protocol’®, we first applied 1,000 
@ and ¥ backbone torsion angle movements of up to 180° each to three residues 
connecting LOV2 to Racl in a low-resolution representation. Small backbone 
torsion angle moves of up to 4° were then performed on a high-resolution 
representation of LOV2-Racl, followed by a global repacking of all side-chain 
rotamers. After every 15 cycles of small moves and repacking, further repacking 
was restricted to the rotamers at the interface and next to the LOV2-Rac] linkers. 
This sequence of refinement was repeated for a total of 150 cycles. Next, we 
adopted a series of small moves, global rotamer repacking, as well as backbone 
minimization within 5 residues of the LOV2-Racl linker for high-resolution 
optimization cycles. After every ten cycles, only rotamers at the interface and 
next to the LOV2-Racl linkers were repacked. A total of 100 such high resolution 
optimizations were used to generate models, which were further scored using 
Rosetta’s energy function. One-thousand models, each representing a different 
folding trajectory, were generated per construct from simulations using the 
domain assembly protocol. 

The complex structure of Rac3 and the CRIB domain of PAK4 (PDB code 
2OV2) was used to model the interaction of CRIB-containing effectors with 
LOV2-Racl constructs. The crystal structure of Racl’ (PDB 1MH1) was super- 
imposed onto the complex structure by mapping the Ca atoms of Racl onto 
those of Rac3. This derived complex structure was then superimposed onto the 
LOV2-Racl models to create model—CRIB complexes. Side-chain rotamers at 
the interface of each complex were optimized using rotamer repacking'’. These 
complexes were scored using the Rosetta energy function. A low-scoring model— 
CRIB complex indicated the model could bind CRIB, whereas a high-scoring 
model—CRIB complex indicated clashes between atoms of the model and the 
CRIB domain, resulting in reduced binding. 

Models generated in a simulation were grouped into clusters according to 

their pairwise root mean square deviation (r.m.s.d.). The r.m.s.d. (in A) of the 
Ca atom positions of each model from all other models in the simulation was 
calculated. Those models falling within a radius of 3 Ar.m.s.d. from each other 
were grouped into a cluster. A cluster member representing the centre of each 
cluster was chosen. 
Isothermal titration calorimetry. Dark and lit state mimetics of PA-Racl, 
C450A and 1539E were cloned into a pTriEx vector with an N-terminal six 
histidine tag. Residues 65-150 of PAK1, comprising the extended CRIB domain, 
were cloned into a pET23 vector, with a C-terminal 6xhistidine tag. All proteins 
were expressed in E. coli strain BL21(DE3) cells (Stratagene) at 16 °C overnight in 
the dark. Cells were lysed in 50 mM sodium phosphate pH 7.0, 300 mM NaCl 
and 5 mM MgCl. Proteins were purified under yellow light using TALON Metal 
Affinity Resin (Clontech) and eluted with 150mM imidazole at pH 7.0. The 
proteins were dialysed against 50mM sodium phosphate, 150mM NaCl, 
7.15 mM 2-mercaptoethanol, 5 mM MgCl, and 1% glycerol. Protein concentra- 
tions were quantified based on the estimated molar extinction coefficients 
(280 nm) of the corresponding polypeptides or the reported molar extinction 
coefficient (447 nm) of LOV2-FMN, and were confirmed with SDS-PAGE fol- 
lowed by Coomassie staining. 

ITC experiments were performed by injecting the dark state mutant C450A of 

PA-Racl (0.14 mM) or the lit state mutant I539E (0.13 mM) into the CRIB 
domain of PAK1 (10 11M) using a Microcal VP-ITC calorimeter at 25°C. Each 
titration consisted of 29 injections of 10 ul of mutants of PA-Racl. The baseline 
of each titration was determined and subtracted from all of the data points. 
Titration data for the heat change per injection were fitted to a one-site binding 
model using Origin software (OriginLab). 
Cell culture. HeLa, HEK293 (ATCC) and parental MEF/3T3 Tet-Off cells 
(Clontech) were maintained in DMEM containing 10% FBS following the sup- 
plier’s culturing instructions. Stable MEF lines were passaged with addition of 
Ing ml ' doxycycline, sufficient to suppress protein expression under the Tet- 
CMV promoter. Doxycycline was removed 24h before live cell imaging. It was 
important to control expression level because small amounts of Rac activity from 
PA-Rac were apparently present before irradiation, as evidenced by increased 
ruffling at high expression levels. This was probably due to the equilibrium 
amount of active Rac present in the dark state. For constructs tagged with 
fluorescent proteins, expression level could be roughly approximated as propor- 
tional to brightness/unit area, enabling use of cells with similar expression. 


14,15 


©2009 Macmillan Publishers Limited. All rights reserved 


doi:10.1038/nature08241 


Live cell microscopy. Cells for live cell imaging were seeded on coverslips coated 
with 5ug ml! fibronectin in Ham’s F-12K medium free of Phenol red and 
containing 2% fetal bovine serum (FBS). Coverslips were mounted in an 
Attofluor live cell chamber (Invitrogen) placed in a microscope stage with a 
heated stage adaptor (Warner). Initial characterization and photoactivation of 
PA-Racl, diffusion studies by FRAP and PA-GFP, and protrusion/retraction 
analyses were carried out using an Olympus FluoView 1000 confocal scanning 
microscope system equipped with a X60 1.42 NA oil objective and lasers at 405, 
458, 488, 515, 568 and 633 nm. Fluorescence images were acquired using 0.1% 
power from a 30mW multi-line Ar ion laser (Olympus, minimum power 
possible without introducing a neutral density filter) and scanned at 2 ls per 
pixel. The illumination used for photoactivation of PA-Racl was between 0.1% 
power for 10s and 1% power for 1 ms in a 10-p1m spot, at 458nm. A more 
precise measure of the light dose used for activation was obtained by measuring 
the power after the objective using a power meter (Thorlabs), as described in 
Supplementary Fig. 7. 

Biosensor images were acquired using an Olympus IX81-ZDC microscope 
equipped with a CoolSNAP HQ2 14-bit camera (Photometrics) and ET-CFP/ 
YFP filters (Chroma) as described previously'*’’. Band-pass and neutral density 
filters were switched using motorized filter wheels under computer control 
(Ludl). CFP, FRET and YFP images were acquired using a 100 W Hg arc lamp 
with a 3% ND filter for 500, 250 and 250 ms, respectively. FRET/CFP ratio 
images were calculated after shading correction, background subtraction, binary 
masking and image registration using MetaMorph and MatLab software as 
described previously'*”°. 

Our imaging conditions, exposure times and filters resulted in a donor (ECFP) 
bleed-through factor (into the FRET channel) of 0.25 and an acceptor (Citrine) 
bleed-through factor of 0.07, using the previously described approach'*”°. The 
E-FRET calculation was used as a measure of apparent FRET efficiency of the 
RhoA biosensor, producing a G factor of 1.57. Photobleaching-corrected FRET 
efficiency (Ecorr) images were processed based on acceptor photobleaching as 
previously described*'. Imaging YFP acceptor fluorescence of the RhoA biosensor 
was carried out using band-pass filters 500/20 (excitation) and 545/30 (emission). 

Simultaneous photoactivation and biosensor imaging was achieved using 
the FRAP-3D instrument (MAG Biosystems), an illumination system with 
galvanometer-driven laser positioning. A laser source at 473 nm was incorpo- 
rated into the illumination pathway using beam-combining mirrors (Chroma, 
or a 94%/6% Magic Mirror from Olympus). 

Immunocytochemistry. MEF cells expressing mVenus-PA-Rac were plated 
onto coverslips with etched grids (Bellco) that were coated with fibronectin as 
described above. The cells were locally irradiated at 473nm through a x20 
phase-contrast objective. Immediately after protrusions were induced, the cells 
were fixed in 3.7% formalin (Sigma), permeabilized in 0.2% Triton X-100, 
incubated with anti-phospho-PAK antibody (Cell Signaling), and finally incu- 
bated with Alexa Fluor 594-conjugated secondary antibody (Molecular Probes). 
The numbers on the etched-grid coverslips were used to locate the immunos- 
tained cells that had been previously irradiated. 

Measurement of protrusion length. Protrusions were analysed by drawing up to 
8 lines per cell, perpendicular to the cell border and at least 45 degree apart (a few 
lines were dropped because of cell junctions). More than 14 cells were analysed 
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for each construct. The line scans were analysed as kymographs, oriented as 
shown in Supplementary Fig. 4. The protrusion length was defined as the max- 
imal distance of the membrane from the left hand border of the kymograph after 
irradiation minus the average distance of the cell border from the left hand edge 
of the kymograph before irradiation. 

Fluorescence recovery after photobleaching (FRAP). MEF cells expressing 
mVenus-tagged PA-Racl were irradiated (515 nm, 10% power for 100 j1s) at a 
10-m spot using the Olympus FluoView1000 confocal scanning microscope 
and laser detailed above. The intensity of mVenus fluorescence was monitored 
(515 nm, 0.1% power for 2 1s) before and after photobleaching at 2-s intervals. 
The intensity of fluorescence within the bleached spot was normalized against 
the integrated intensity of the entire cell. The data were plotted and fitted to a 
single-exponential decay to obtain 1/2 (tp). A t1/2 of 12.1s and Fi (immobile 
fraction) of 18.6+ 0.6% were obtained (n= 26). The diffusion coefficient 
(D=0.55 um? s_') was estimated using D= «/4tp (where @ is the radius of 
the circular bleached spot), assuming exclusively free lateral diffusion*””’. 
PA-GFP tracking. MEF cells expressing mPA-GFP-tagged PA-Racl were irra- 
diated (405 nm, 6 mW diode laser, 10% power for 10 us) ina 10-,1m spot to switch 
on PA-GFP. The fluorescence of PA-GFP was monitored using a 488-nm laser, 
acquiring an image every 2s. The intensities of fluorescence within the irradiated 
spot and an adjacent spot of the same size were quantified and normalized against 
the entire cell. The decay of activated PA-GFP fluorescence was fitted to a single 
exponential decay, yielding a t1/2 of 14.6s. 

Inhibitor studies. MEF cells expressing mVenus-tagged PA-Racl were incu- 
bated with 1 4M myosin II inhibitor blebbistatin, 1 uM MLCK inhibitor ML- 
7, or 10 uM ROCK inhibitor Y-27632 (Calbiochem). Cells underwent the cell 
shape changes previously described™ and then reached a stable state within 
30 min. After this cells were irradiated with the 458-nm laser at a 10-1m spot 
to induce PA-Rac activation. 

Protrusion/retraction analysis. Fluorescence images of MEF cells expressing 
mVenus-tagged PA-Racl and its mutants were masked based on intensity 
thresholding to produce binary images. Regions of protrusion were isolated by 
subtracting the binary image at a given time point from that at time 0. Conversely 
the binary images of retraction were obtained. Areas not part of protrusions or 
retractions, those that overlapped the time 0 image, were obtained by subtracting 
the above two images from that at time 0. Each binary image was assigned a 
different colour: red, protrusion; blue, retraction; green, area overlapping with 
time 0; and white, background. These operations were carried out using 
MetaMorph software. 

Polarity index calculation. To obtain the polarity index (cos() of the migrating 
MEF cells, x and y coordinates were obtained for the centroid before movement 
(Xo,Yo), the centroid after movement (x;,y,), and for the centre of the irradiation 
spot (x,y), using MetaMorph software. The cos and sin values of the angles were 
obtained using simple triangle calculations. First two angles were defined using 
an arbitrarily selected horizontal line 0, = angle between the arbitrary line and 
the line from (xo,o) to (x,1), and 02 = angle between the arbitrary line and the 
line between (xo,¥o) and (x2,y2). The cos used to characterize polarity (see main 
text and Fig. 2d) was obtained using the following formula: cos = 
cos(0; — 02) = cos0,cos0, + sinO,sin0>. 
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Antioxidant and oncogene rescue of metabolic 
defects caused by loss of matrix attachment 


Zachary T. Schafer'+, Alexandra R. Grassian'*, Loling Song'*, Zhenyang Jiang’, Zachary Gerhart-Hines””, 
Hanna Y. lrie', Sizhen Gao’, Pere Puigserver’* & Joan S. Brugge’ 


Normal epithelial cells require matrix attachment for survival, and 
the ability of tumour cells to survive outside their natural extra- 
cellular matrix (ECM) niches is dependent on acquisition of 
anchorage independence’. Although apoptosis is the most rapid 
mechanism for eliminating cells lacking appropriate ECM attach- 
ment’, recent reports suggest that non-apoptotic death processes 
prevent survival when apoptosis is inhibited in matrix-deprived 
cells**. Here we demonstrate that detachment of mammary 
epithelial cells from ECM causes an ATP deficiency owing to the 
loss of glucose transport. Overexpression of ERBB2 rescues the 
ATP deficiency by restoring glucose uptake through stabilization 
of EGFR and phosphatidylinositol-3-OH kinase (PI(3)K) activa- 
tion, and this rescue is dependent on glucose-stimulated flux 
through the antioxidant-generating pentose phosphate pathway. 
Notably, we found that the ATP deficiency could be rescued by 
antioxidant treatment without rescue of glucose uptake. This 
rescue was found to be dependent on stimulation of fatty acid 
oxidation, which is inhibited by detachment-induced reactive 
oxygen species (ROS). The significance of these findings was 
supported by evidence of an increase in ROS in matrix-deprived 
cells in the luminal space of mammary acini, and the discovery that 
antioxidants facilitate the survival of these cells and enhance 
anchorage-independent colony formation. These results show 
both the importance of matrix attachment in regulating metabolic 
activity and an unanticipated mechanism for cell survival in 
altered matrix environments by antioxidant restoration of ATP 
generation. 

Epithelial cells are dependent on interactions with specific ECM 
components for survival, proliferation and differentiation functions’. 
Loss of matrix attachment of cultured epithelial cells activates a 
caspase-mediated apoptotic program known as anoikis’. In glandular 
cancers, such as breast cancer, tumour cells are displaced from their 
normal matrix niches in the early stages of tumorigenesis when they 
proliferate into the lumen of hollow glandular structures. Filling of the 
luminal space is one of the hallmarks of early tumorigenesis. 

Studies of luminal filling in three-dimensional (3D) structures of 
MCF-10A mammary epithelial cells and the developing mammary 
gland have demonstrated that apoptosis is involved in the clearance 
of centrally localized cells that lack matrix attachment; however, inhibi- 
tion of apoptosis is not sufficient for the survival of matrix-deprived 
cells in the luminal space***’. Notably, several oncogenes, including 
ERBB2, have been shown to rescue cells from anoikis and prevent 
clearance of luminal cells in 3D acinar structures’, suggesting that these 
oncogenes prevent luminal clearance programs in addition to anoikis. 

Another distinct feature of both matrix-detached MCF-10A cells 
and centrally located, matrix-deprived cells in MCF-10A acini is the 


induction of autophagy”"®. Because autophagy is a catabolic process 
commonly upregulated under conditions of starvation'', the asso- 
ciation of this process with matrix deprivation suggests that ECM 
attachment regulates metabolic activity as well as apoptosis. Here we 
determine the basis for the metabolic defects in matrix-detached 
cells, demonstrate that oncogenes can rescue these defects by restora- 
tion of glucose uptake and enhancement of antioxidant capacity, and 
unexpectedly find that antioxidants alone can rescue matrix- 
detached cells by restoration of ATP generation through fatty acid 
oxidation (FAO). Furthermore, we demonstrate that antioxidants 
promote anchorage-independent survival in two in vitro models of 
tumorigenesis. 

To investigate whether ECM regulates cellular metabolism, we 
examined cellular ATP levels in MCF-10A cells cultured on adherent 
or non-adherent plates. We detected a substantial reduction in ATP in 
both MCF-10A (Fig. la) and primary human mammary epithelial cells 
(HMEC; Supplementary Fig. 2) that had been detached from the ECM 
for 24h. We confirmed these results in lysates normalized for total 
protein (Fig. 1b) and by measuring the ATP/ADP ratio (Fig. 1c). 
The reduction of ATP in MCF-10A cells occurred between 12 and 
24h after ECM detachment (Supplementary Fig. 7), was not affected 
by inhibition of apoptosis (Fig. la and Supplementary Figs 4 and 5) or 
autophagy (Supplementary Fig. 6), and was rescued by the addition of 
reconstituted basement membrane (Supplementary Fig. 3). The 
expression of ERBB2 in these cells (ERBB2-MCF-10A) prevented the 
reduction in ATP after matrix detachment (Fig. la, c), suggesting that 
ERBB2 circumvents the matrix requirement for ATP production. 

Given the evidence that EGFR is downregulated in detached cells 
and that its overexpression can rescue anoikis'’, we investigated the 
effect of ERBB2 on EGFR expression in detached cells. Indeed, 
ERBB2 expression caused a marked stabilization of EGFR after 
ECM detachment (Fig. 1d) that was critical for the rescue of ATP 
(Fig. le). This stabilization correlated with the maintenance of ERK1 
and ERK2 (also known as MAPK3 and MAPK1, respectively) activa- 
tion and an enhancement of PI(3)K—AKT signalling (Fig. 1d); 
however, inhibition of PI(3)K (but not ERK) abrogated the ERBB2 
rescue of ATP (Fig. 1f, g). Furthermore, expression of a constitutively 
active variant of PI(3)K (PIK3CA(E545K)) or AKT (Myr-AKT1) is 
sufficient to rescue detachment-induced ATP (Fig. 1h). These results 
indicate that ERBB2 rescues the metabolic defect in matrix-detached 
cells by preventing the downregulation of EGFR and thus maintain- 
ing the activation of the PI(3)K pathway. 

Given the critical role of PI(3) K—AKT in stimulating glucose trans- 
port'*'*, we investigated whether glucose uptake is altered in matrix- 
detached cells. Indeed, we found a marked deficiency in glucose 
uptake in detached cells that was rescued (in a PI(3)K-dependent 
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Figure 1| Loss of matrix attachment causes reduction in cellular ATP that 
is rescued by ERBB2 through PI(3)K pathway activation. a, b, ATP was 
measured in the indicated cells 24h after plating in adherent or non- 
adherent (poly-HEMA-coated) plates using the ATPlite assay (a) or the ATP 
determination kit (b). c, The ATP/ADP ratio was measured in the indicated 
cells. d, The indicated cells were immunoblotted for EGFR, phosphorylated 
(p)-ERK, p-AKT or f-actin. IGF1R cells were used as a positive control for 
p-AKT. e, ERBB2-MCF-10A cells were transfected with siRNAs targeting 
luciferase (luc) or EGFR, and ATP levels were measured using the ATP 
determination kit. Knockdown was confirmed by immunoblot. f, g, Detached 
ERBB2-MCF-10A cells were treated with 10 1M UO126 (ERK pathway 
inhibitor) (f) or 50 uM LY294002 (PI(3)K inhibitor) (g) for 24h, and ATP 
was measured using the ATP determination kit. Inhibition was confirmed by 
immunoblotting. h, ATP was measured in detached 10A cells or 10A cells 
expressing PIK3CA(E545K) or Myr-AKT1 using the ATP determination kit. 
All error bars represent s.d. (1 = 3). Asterisks denote statistically significant 
change calculated using a two-tailed t-test. a.u., arbitrary units. 


fashion, Supplementary Fig. 8) by ERBB2 expression (Fig. 2a). 
Furthermore, treatment of detached cells with methyl pyruvate, 
which provides substrates for the tricarboxylic acid (TCA) cycle, 
causes a substantial increase in ATP (Fig. 2b) that is blocked by the 
mitochondrial complex 1 inhibitor rotenone (Supplementary Fig. 9). 
This suggests that the mitochondria of detached cells retain the 
capacity to produce ATP. To determine whether the rescue of 
glucose uptake by ERBB2 is important for its ability to increase 
ATP levels in detached cells, we treated ERBB2-MCF-10A cells with 
2-deoxyglucose (2DG), a glucose analogue that inhibits glycolysis. 
2DG treatment completely abolished the rescue of ATP by ERBB2 
(Fig. 2c), confirming the importance of glucose uptake in the rescue 
of ATP by ERBB2. 

After cellular uptake, glucose can be further metabolised to generate 
ATP by glycolysis/oxidative phosphorylation, or it can be driven down 
the pentose phosphate pathway (PPP) by glucose-6-phosphate dehy- 
drogenase (G6PD)’*. Because the PPP is an important source of 
cellular NADPH (which provides reducing equivalents), we examined 
the effects of matrix detachment on ROS production. ECM detach- 
ment induced a significant increase in ROS (Fig. 2d) and decrease in 
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Figure 2 | Matrix detachment causes a reduction in glucose uptake and 
ERBB2 rescue of this defect is dependent on PPP flux. a, Glucose uptake was 
measured in the indicated cells using the Amplex Red assay. b, ATP was 
measured using the ATP determination kit after treatment (where indicated) 
of detached cells with methyl pyruvate. c, ATP was measured using the ATP 
determination kit after treatment (where indicated) of detached cells with 
2DG. d, ROS was measured in attached and detached cells using DCF-DA. 
e, f, Reduced glutathione (GSH) was measured in 10A (e) or ERBB2-MCF- 
10A (f) cells. Results are shown as the percentage of the attached reduced GSH 
levels. NAC (1 mM) and BSO (1 mM; an inhibitor of glutathione synthesis) 
were used as a positive and negative control, respectively. g, ATP was 
measured using the ATP determination kit in detached ERBB2-MCF-10A 
cells after treatment (where indicated) with vehicle control, 150 1M DHEA, or 
150 uM 6AN. h, The indicated cell lines were immunoblotted for G6PD after 
plating in either normal (attached) or poly- HEMA-coated (detached) plates. 
i, j, ATP (i) and ROS (j) were measured after siRNA-mediated knockdown of 
G6PD in detached ERBB2-MCF-10A cells. Knockdown was confirmed by 
immunoblotting. All error bars represent s.d. (n = 3). Asterisks denote 
statistical significance calculated using a two-tailed t-test. 


reduced glutathione (Fig. 2e), both of which were reversed by ERBB2 
(Fig. 2d, f). In support of the possibility that the lack of PPP flux is 
responsible for the increase in ROS, we found that the reduction in 
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glucose uptake precedes the increase in ROS levels (Supplementary 
Fig. 10). 

Previous studies have shown that reducing ROS through the 
stimulation of PPP flux can promote cell survival'®'’; thus we 
proposed that PPP flux may be important for ERBB2 to rescue 
ATP levels in detached cells. Indeed, the treatment of detached 
ERBB2-MCEF-10A cells with the PPP inhibitors dehydroisoandros- 
terone (DHEA) or 6-aminonicotinamide (6AN) abrogated the ability 
of ERBB2 to rescue ATP (Fig. 2g) and led to an increase in cellular 
ROS (Supplementary Fig. 11). Interestingly, we found that matrix- 
detachment caused a significant increase in G6PD protein (Fig. 2h), 
and short interfering RNA (siRNA)-mediated reduction of G6PD in 
detached ERBB2-MCF-10A cells caused a substantial decrease in 
ATP levels (Fig. 2i) and increase in ROS (Fig. 2j). The evidence that 
loss of matrix attachment causes an increase is ROS is consistent with 
studies in endothelial cells'* and in the developing mammary gland‘. 

The induction of ROS in suspended cells led us to investigate the 
effects of ROS neutralization on ATP in matrix-detached cells. 
Treatment of detached MCF-10A cells with the antioxidants 
N-acetyl-L-cysteine (NAC) or Trolox (a water-soluble vitamin E 
derivative) significantly increased ATP in detached cells (Fig. 3a), 
independent of any changes in glucose uptake (Fig. 3b). These data 
suggest that ROS inhibits ATP production through a metabolic path- 
way that could otherwise compensate for loss of glucose uptake. 
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Figure 3 | Antioxidants rescue low ATP levels in detached cells by 
permitting fatty acid oxidation. a, MCF-10A cells were plated in poly- 
HEMA-coated plates and treated with control, 1 mM NAC or 50 uM Trolox, 
and ATP was measured using the ATP determination kit. b, Detached 10A or 
BCL2-MCF-10A cells were treated with either vehicle (0) or 1 mM NAC and 
glucose uptake was compared to ERBB2-MCF-10A cells using the Amplex 
Red assay. c, FAO was measured in parental or ERBB2-MCF-10A cells 
(either attached or detached). d, Detached MCF-10A cells were treated with 
either vehicle (10A) or 50 uM Trolox, and FAO was measured. e, Detached 
MCF-10A cells were treated with DMSO, 1mM NAC, and/or 25 uM 
etomoxir (Eto) and ATP was measured using the ATP determination kit. 
f, Detached ERBB2-MCF-10A cells were treated with the indicated doses of 
etomoxir, and ATP was measured using the ATP determination kit. All error 
bars represent s.d. (1 = 3). Asterisks denote statistical significance calculated 
using a two-tailed t-test. 
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It has previously been demonstrated that cancer cells deprived of 
glucose maintain ATP production through FAO’. Given that 
detached cells are glucose-deprived and antioxidants can promote 
ATP generation, we hypothesized that detachment-induced ROS 
could inhibit FAO. Indeed, we found that FAO was markedly reduced 
in detached MCF-10A cells (Fig. 3c) and Trolox treatment substan- 
tially increased FAO (Fig. 3d). In addition, treatment of antioxidant- 
supplemented cells with etomoxir, an inhibitor of fatty acid transport 
into the mitochondria”, prevented the rescue of ATP by antioxidants 
in detached cells (Fig. 3e). Furthermore, methyl malate treatment 
(which generates NADPH through an alternative pathway) increased 
ATP levels, lowered ROS levels, and caused an increase in FAO in 
detached MCF-10A cells (Supplementary Fig. 12a—c) suggesting that 
NADPH production is sufficient to increase FAO. Notably, ERBB2 
reduced FAO in attached and suspended cells (Fig. 3c), consistent 
with previous reports showing PI(3)K-AKT-mediated reduction of 
FAO’”°, However, treatment of detached ERBB2-MCEF-10A cells 
with etomoxir caused a dose-dependent reduction in ATP levels 
(Fig. 3f), suggesting that the residual FAO significantly contributes 
to ATP production in these cells. 

To extend our analysis to a model with more physiological 
relevance, we used the MCF-10A 3D cell culture model in which the 
inner, matrix-deprived cells show evidence of metabolic impairment 
(on the basis of upregulation of autophagy”"®). Although it is not 
feasible to measure ATP directly in these structures, we used two- 
photon microscopy to examine the native fluorescence of NADH 
and NADPH (NAD(P)H) and obtain an assessment of metabolic 
differences between the inner and outer cells’. Because NADH is 
the principal electron donor in glycolytic and oxidative metabolism, 
the native fluorescence of NAD(P)H represents a non-invasive fluor- 
escent reporter of the metabolic state’*. Images of acinar structures on 
day8 showed a dichotomy in NAD(P)H fluorescence intensity 
between the inner and outer cells of most structures, whereas most 
day4 structures showed homogenous fluorescence (Fig. 4a and 
Supplementary Fig. 13). Furthermore, we found that ROS were detect- 
able exclusively in the centrally localized cells of day7 acini (Fig. 4c). 
Together, there results provide evidence that there are differences in 
metabolic activity and ROS accumulation in the matrix-deprived cent- 
rally localized cells of acini, as were observed in monolayer and sus- 
pension cultures (Figs 1-3). In addition, Trolox treatment prevented 
the dichotomy in NAD(P)H fluorescence in 3D culture (Fig. 4b and 
Supplementary Fig. 14), suggesting that ROS significantly contributes 
to the metabolic dichotomy between the inner and outer cells. 

To understand the implications of these findings with regards to 
the clearance of cells from the luminal space, we studied the effects of 
antioxidant treatment on the survival of cells located in the centre of 
acini. We treated acini with either NAC or Trolox and monitored 
luminal filling over time. Notably, we found that NAC or Trolox 
treatment significantly reduced luminal clearance (Fig. 4d) inde- 
pendent of effects on caspase activation (Supplementary Fig. 15), 
suggesting that the elimination of ROS can preserve the viability of 
matrix-deprived cells in the centre of acini. By extrapolation to our 
studies showing ATP reduction and ROS generation in matrix- 
deprived cells, we speculate that the viability is a consequence of 
rescuing these metabolic impairments. Furthermore, the late clearing 
of acini observed in BCL2-MCF-10A cells is suppressed by Trolox 
(Fig. 4d). These results indicate that suppression of both metabolic 
impairments and apoptosis are required for anchorage-independent 
survival. 

The evidence that antioxidants can rescue metabolic defects of 
ECM-deprived cells and promote luminal filling in MCF-10A acini 
raises the question of whether antioxidants could promote the trans- 
forming activity of mammary epithelial cells. To examine this, we 
assayed anchorage-independent colony formation in soft agar in 
MCEF-10A cells expressing oncogenes that promote hyperproliferation 
(human papilloma virus E7 protein) and suppress apoptosis (BCL2). 
Neither E7 nor BCL2 expression rescued ATP in matrix detached cells 
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Figure 4 | Analysis of antioxidant effects on acinar morphogenesis and 
colony formation in soft agar. a, Native fluorescence of NAD(P)H was 
assayed by two-photon microscopy in MCF-10A acini. Surface intensity 
plots of three representative structures from day 4 or 8 are shown. b, Native 
fluorescence of NAD(P)H was assayed by two-photon microscopy in MCF- 
10A acini cultured in the presence or absence of 50 LL.M Trolox (added daily). 
At day 8, structures were blindly scored for dichotomy in fluorescent 
intensity on the basis of evidence of a reduction in fluorescence intensity in 
the inner cells (see examples in Supplementary Fig. 14). Error bars represent 
s.d. of individual scorings (n = 5).¢, ROS was measured in MCF-10A acini at 
day 7, by staining with 25 1M DCF-DA (green) and Hoescht (blue). Three 
representative images are shown and 41% (n = 73) of all structures were 
positive for DCF-DA staining exclusively in the inner cells. NAC or Trolox 


(data not shown) and the E7/BCL2 cells exhibited a relatively weak 
capacity to form colonies in this assay (Fig. 4e). Trolox treatment 
induced a substantial increase in the number and average size of 
colonies, suggesting that antioxidant treatment can enhance the trans- 
forming activity of cells that contain oncogenic insults. We observed 
similar results with ERBB2-MCF-10A cells (Supplementary Fig. 16) 
and with BT-474 cells—an ERBB2-expressing breast cancer cell line 
(Supplementary Fig. 17). 

Our study highlights the possibility that glucose deprivation could 
lead to ROS production during tumorigenesis and force selection for 
alterations that allow escape from oxidative damage. Furthermore, 
we demonstrate that antioxidants rescue cells from the need for 
glycolysis through stimulation of FAO. It has been shown previously 
that stimulation of FAO through AMP-activated protein kinase 
(AMPK) or p53 (also known as TP53) is another mechanism for 
the survival of cells in the absence of glucose’’. Thus, our study 
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treatment inhibited the DCF-DA staining in acini (data not shown). Original 
magnification, X40. d, Acini were formed using 10A or BCL2-MCF-10A cells 
(10A or 10A BCL2) and treated with 1 mM NAC or 50 uM Trolox as 
indicated. At day 19 (10A) or day 33 (BCL2) acini were stained for laminin 5, 
cleaved caspase-3, and with the nuclear stain 4,6-diamidino-2-phenylindole 
(DAPI). Acini were then scored as described. Original magnification, X40. 
e, 10A cells expressing E7 and BCL2 were plated in soft agar and after 

20 days, images were taken after iodonitrotetrazolium chloride (also known 
as INT-violet) staining. Colony number and average colony size were 
determined using ImageJ. Error bars represent s.d. (n = 3 unless otherwise 
indicated). Asterisks represent statistical significance calculated using a two- 
tailed t-test. 


suggests that deprivation of matrix may limit glucose accessibility 
during tumorigenesis, and reveals strategies in which a tumour could 
escape from metabolic stress owing to these conditions by stimulat- 
ing anchorage-independent glucose transport and/or eliminating 
ROS. 

These data also demonstrate that antioxidants promote the sur- 
vival of cells that lack attachment to the ECM and raise the possibility 
that antioxidants may have dichotomous activities with respect to 
tumorigenesis—that is, suppressing tumorigenesis by preventing 
oxidative damage to DNA”, and promoting tumorigenesis by 
allowing survival of cells that are metabolically impaired (for 
example, in altered matrix environments). In support of this, 
expression of SOD2, a mitochondrial protein that reduces oxidative 
stress caused by respiratory chain leak, is increased in more advanced 
and higher grade mammary tumours*>’®. Furthermore, a recent 
study has revealed that enhanced PPP flux and increased antioxidant 
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capacity correlates with metastasis of breast cancer cells to the brain”’. 
Lastly, randomized trials have demonstrated both anti-neoplastic and 
neoplastic effects of antioxidants, with neoplastic effects associated 
with patients at higher risk owing to smoking and alcohol consump- 
tion’’, or patients undergoing chemo- or radiation therapy”. Our 
work provides a biological rationale for these findings, as antioxidant 
activity may promote the survival of pre-initiated tumour cells in 
unnatural matrix environments and thus enhance malignancy. 


METHODS SUMMARY 


MCF-10A cells and their variants were all cultured as described at http://brugge. 
med.harvard.edu/. Other cell lines were cultured as described in the 
Supplementary Information. All assays on ECM-detached cells were carried out 
24h after plating on poly(2-hydroxyethyl methacrylate) (poly- HEMA)-coated 
plates unless otherwise noted. ATP assays were conducted using the ATPlite assay 
(PerkinElmer), the ATP determination kit (Invitrogen), or the ATP/ADP Ratio 
Assay Kit (BioAssay Systems). Glucose uptake assays were performed using the 
Amplex Red Glucose Assay Kit (Invitrogen). ROS was measured using carboxy- 
H,DCF-DA in detached/attached cells and in 3D culture. To measure reduced 
glutathione, we used chloromethylcoumarin (CMAC, Invitrogen). FAO was 
measured by monitoring the release of '4CO, after the addition of 1-'*C-oleic 
acid. The 3D culture of mammary acini was completed according to the protocol 
at http://brugge.med.harvard.edu/. Native fluorescence of NADPH was measured 
using two-photon microscopy. Soft agar assays were performed in the presence or 
absence of antioxidants and colony formation/size was determined using ImageJ. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cell culture. MCF-10A cells were cultured as described previously” and at 
http://brugge.med.harvard.edu/. MCF-10A cells expressing BCL2, ERBB2, E7/ 
BCL2, PIK3CA(E545K), Myr-AKT1, IGFIR or GFP-LC3 were generated as 
described previously’. The pMSCV-Neo-based retroviral vectors encoding 
wild-type human IGFIR complementary DNA was a gift from R. Baserga. 
HMEC cells were immortalised with human TERT and cultured as described 
previously’. BT-474 cells (ATCC) were cultured in RPMI 1640 media plus 10% 
FBS and penicillin/streptomycin. 

ATP assays. For the comparison of ATP levels in detached versus attached cells, 
the ATPlite assay (PerkinElmer) was used. Cells were plated in 96-well poly- 
HEMA-coated (or uncoated) plates at a density of 13,333 cells per well. After 
24h, ATP assay was conducted according to the manufacturer’s protocol. For the 
measure of ATP in detached cells (normalized by protein content), the ATP 
determination kit (Invitrogen) was used. Cells were plated in 6-well poly- 
HEMA-coated plates at a density of 400,000 cells per well. After 24 h, cells were 
lysed in 1% NP40 (plus protease inhibitors) and lysates were normalized by 
protein content using BCA Protein Assay (Pierce Biotechnology). Lysates were 
then tested for ATP levels according to manufacturer’s protocol. The data from 
these assays show representative experiments from more than three independent 
replicates. For determination of the ATP/ADP ratio, the ADP/ATP Ratio Assay 
Kit (BioAssay Systems) was used according to manufacturer’s instructions. The 
data from the ATP/ADP assay is presented as an average of the ATP/ADP ratio 
from several experiments. 

3D cell culture. To generate acini, cells were grown in reconstituted basement 
membrane (Matrigel) as described previously” and according to the protocol at 
http://brugge.med.harvard.edu/. For antioxidant treatment, either NAC or 
Trolox was added to the Matrigel and to the overlay media. Immuno- 
fluorescence of acini was performed as described previously”. The following 
primary antibodies were used for immunofluorescence: cleaved caspase-3 
(Cell Signaling Technology) and laminin-5 (Millipore). DAPI (Sigma-Aldrich) 
was used to counterstain nuclei. For examination of luminal filling, acini were 
imaged using confocal microscopy to visualize the centre of each structure, and 
then were scored as clear (~90—100% clear), mostly clear (~50—90% clear), 
mostly filled (~ 10-50% clear), or clear (~0—10% clear). The figures including 
data from these assays show representative experiments from more than three 
independent replicates. 

Reagents. The following reagents were used at the doses indicated and as 
described in the text/figure legends: methyl pyruvate (Sigma-Aldrich), 2-deoxy- 
b-glucose (Sigma-Aldrich), DHEA (EMD Biosciences), 6AN (Sigma-Aldrich), 
N-acetyl-L-cysteine (Sigma-Aldrich), Trolox (EMD Biosciences), etomoxir 
(Sigma-Aldrich), D-methyl malate (Sigma-Aldrich), Matrigel (BD Biosciences), 
poly(2-hydroxyethyl methacrylate) (poly-HEMA, Sigma-Aldrich), LY294002 
(EMD Biosciences), U0126 (EMD Biosciences), staurosporine (Sigma-Aldrich), 
and pi-buthionine-(S,R)-sulphoximine (BSO, Sigma-Aldrich). 

siRNA. The following siRNA SMARTpools (Dharmacon) were used: G6PD (M- 
008181-01), Beclin-1 (M-010552-00), ATGS (M-004374-03), and EGER (M- 
003114-01). The luciferase GL2 duplex (D-00110-01-20) was used as an 
siRNA control. Sequence information for each siRNA are as follows: G6PD 
SMARTpool, duplex 1, sense: GAGAGUGGGUUUCCAGUAUUJ, antisense: 
5'-PAUACUGGAAACCCACUCUCUU; duplex 2, sense: CAACAUCGCCUGC 
GUUAUCUJ, antisense: 5'-PGAUAACGCAGGCGAUGUUGUU; duplex 3, 
sense: CGUGAGGCCUGGCGUAUUUUJ, antisense: 5’-PAAAUACGCCAGG 
CCUCACGUU; duplex 4, sense: GACCUACGGCAACAGAUAUU, antisense: 
5'-PUAUCUGUUGCCGUAGGUCAUU. Beclin-1 SMARTpool, duplex 1, 
sense: CUAAGGAGCUGCCGUUAUAUJ, antisense: 5’-PUAUAACGGCAGC 
UCCUUAGUU; duplex 2, sense: GGAUGACAGUGAACAGUUAUU, antisense: 
5'-PUAACUGUUCACUGUCAUCCUU; duplex 3, sense: VAAGAUGGGUCU 
GAAAUUUUJ, antisense: 5’-PAAAUUUCAGACCCAUCUUAUU; duplex 4, 
sense: GCCAACAGCUUCACUCUGAUJ, antisense: 5’-PUCAGAGUGAAGC 
UGUUGGCUU. ATG5 SMARTpool, duplex 1, sense: GGAAUAUCCUGC 
AGAAGAAUJU, antisense: 5’-PUUCUUCUGCAGGAUAUUCCUU; duplex 2, 
sense: CAUCUGAGCUACCCGGAUAUJ, antisense: 5’-PUAUCCGGGUAGC 
UCAGAUGUU; duplex 3, sense: GACAAGAAGACAUUAGUGAUU, antisense: 
5'-PUCACUAAUGUCUUCUUGUCUU; duplex 4, sense: CAAUUGGUUUG 
CUAUUUGAUJ, antisense: 5’-PUCAAAUAGCAAACCAAUUGUU. EGFR 
SMARTpool, duplex 1, sense: GAAGGAAACUGAAUUCAAAUJ, antisense: 
5'-PUUUGAAUUCAGUUUCCUUCUU; duplex 2, sense: GGAAAUAUGUAC 
UACGAAAUJ, antisense: 5’-PUUUCGUAGUACAUAUUUCCUU; duplex 3, 
sense: CCACAAAGCAGUGAAUUUAUJ, antisense: 5’-PUAAAUUCACUGCU 
UUGUGGUU; duplex 4, sense: GUAACAAGCUCACGCAGUUUJ, antisense: 
5'-PAACUGCGUGAGCUUGUUACUU. Luciferase GL2 duplex, 5’-CGUACG 
CGGAAUACUUCGA dTdTdTdT GCAUGCGCCUUAUGAAGCU-S’. 
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For each transfection, 200nM of siRNA was transfected into cells using 
oligofectamine (Invitrogen) according to manufacturer’s protocol. 
Knockdown efficiency was examined after 48 h by western blotting as described 
later. For experiments involving siRNA in detached cells, cells were plated on 
poly-HEMA-coated plates 24h after siRNA transfection and then assays were 
conducted 48h after siRNA transfection. The figures including data using 
siRNAs show representative experiments from more than three independent 
replicates. 

Western blotting. Cells were lysed in 1% NP40 on ice for 20 min. Lysates were 
spun at 16,000g at 4°C for 30 min and normalized using a BCA Assay (Pierce 
Biotechnology). Lysates were then subjected to SDS-PAGE on polyacrylamide 
gels and transfer/blotting were performed as previously described*. The follow- 
ing antibodies were used for western blotting: G6PD (Abcam), Beclin-1 (Cell 
Signaling Technology), ATG5 (Cell Signaling Technology), cytochrome c (BD 
Biosciences), EGFR (Cell Signaling Technology), p-AKT (Cell Signaling 
Technology), p-ERK (Invitrogen) and f-actin (Sigma-Aldrich). The figures, 
including western blots, show representative blots from more than three inde- 
pendent experiments. 

Cell death assays. Lysates preparation and the measurement of cytochrome c 
release were conducted as described previously**. For measuring viability by dye 
exclusion, detached or attached cells were stained with trypan blue and placed in 
a haemocytometer. Two-hundred cells were then counted and assessed as either 
trypan blue positive or negative. 

Glucose uptake assay. For the analysis of glucose uptake, the Amplex Red 
Glucose Assay Kit (Invitrogen) was used. Cells were plated at a density of 
13,333 cells per well in 96-well poly-HEMA-coated (or normal) plates. After 
24h, media was collected and diluted 1:4,000 in water. The amount of glucose 
in the media was then determined using the Amplex Red Assay according to the 
manufacturer’s instructions. Glucose uptake was determined by subtracting the 
amount of glucose in each sample from the total amount of glucose in the media 
(without cells). The data from these assays show representative experiments 
from more than three independent replicates. 

ROS and glutathione assays. Cells were plated at a density of 13,333 cells per well 
in 96-well poly-HEMA-coated (or normal) plates. After 24h, carboxy- 
H,DCFDA (Invitrogen) was added to each well at a concentration of 10 1M 
and mixed well. Carboxy-H,DCFDA is a cell-permeant indicator for reactive 
oxygen species that is retained in the cell after deacetylation and non-fluorescent 
until oxidation occurs within the cell. After 2-3 h, absorbance was monitored 
using a fluorimeter. The figures including data from these assays show represen- 
tative experiments from more than three independent replicates. Alternatively, 
reduced glutathione (GSH) was measured as a proxy for ROS using CMAC 
(Invitrogen)**. CMAC was added to detached or attached cells at 40 1M and 
fluorescence was measured at an excitation of 360nm and an emission of 
460 nm. For the measurement of ROS in MCF-10A acini, the acini were stained 
with 25 1.M carboxy-H,DCFDA and 1 uM Hoescht 33342 for 1 h at 37 °C. Acini 
were then immediately imaged using confocal microscopy. 

FAO assay. Cells were plated at a density of 100,000 cells per well in 12-well poly- 
HEMA-coated (or normal) plates. After ~3-4h, 100 uM oleic acid (Sigma- 
Aldrich) was added to each well. After 24 h, 1 pl of 1 pCi pl! [1-'4C]oleic acid 
(American Radiolabelled Chemicals) was added to each well and incubated at 
37°C for Lh. To release '*CO,, we then added 150 ul of 3M perchloric acid 
(Fisher Scientific) to each well and immediately covered each well with pheny- 
lethylamine (Sigma-Aldrich)-saturated Whatman paper. Plate was then incu- 
bated at room temperature overnight and subsequently Whatman paper was 
removed, placed into Ready-Safe Liquid Scintillation Fluid (Beckman Coulter), 
and '4C counts were read on scintillation counter. The figures including data 
from these assays show representative experiments from more than three inde- 
pendent replicates. 

NAD(P)H fluorescence analyses. A two-photon excited fluorescence micro- 
scope was established on the basis of a Leica SP2 confocal microscope. It is 
equipped with a Ti:Sa laser (Spectral-Physics Broadband Mai Tai) with a tunable 
wavelength range of 710-990 nm, a pulse frequency of 80 MHz, and a pulse width 
(full-width at half-maximum (FWDM)) of 100 femtoseconds. The excitation 
wavelength was set to 730 nm. In the emission light path a SP700 short pass 
and BG339 filters were used to block any residual excitation photons. The fluor- 
escence signal was filtered through a 505DCXR dichroic beam splitter (Chroma 
Technology) and wavelengths shorter than 505nm were channelled to a 
Hamamatsu MCP-PMT detector. The effective spectral bandwidth of the 
detected fluorescence signal is 400-500 nm, corresponding to the maximum 
NADPH emission*’. A X63 (HCX PL APO 63X NA 1.2 W) water immersion 
objective lens was used for all the experiments. For each image, the emitted 
photons were collected for 5 min in the single photon counting mode (Becker 
& Hickl, SPC-830). All instrument settings and imaging parameters were 
maintained throughout the experiments. The images of photon counts are 
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displayed on the same intensity and spatial scales allowing for direct visual 
comparison. 

MCF-10A cells were seeded on day 0 at a density of 5,000 cells per well in a 
coverslip-bottom 8-well chamber. On days 4 and 8, NAD(P)H fluorescence in 
3D MCF-10A structures was imaged at the equatorial cross sections using two- 
photon fluorescence microscopy while being maintained on stage in a 37°C 
chamber with 5% CO. For the antioxidant experiments (Fig. 4b) the two- 
photon excited native fluorescence images were acquired through non- 
descanned detection with a broadband emission filter (400-700nm) and 
730nm excitation. Images were deconvolved by Huygens Professional 
(Scientific Volume Imaging). The images of more than 90 acinar structures were 
acquired on day 8 for either control or Trolox (50 UM) treatment. The rando- 
mized, blinded images were evaluated by five independent observers for the 
presence of NAD(P)H dichotomy (native fluorescence intensity difference 
between the inner and outer cells on the basis of images from the centre of each 
structure). For acini with filled lumen, an average from all five observers was 
derived from the positive scoring of a criterion. The standard deviation indicates 
the variation in a score among the five observers from this experiment. 

Soft agar assays. Cells (4 X 10*) were added to 1.5 ml (antioxidants) of growth 
media plus 0.4% low-melt agarose (Sigma-Aldrich) and layered onto a 2-ml bed 
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of growth media plus 0.5% low-melt agarose. Cells were fed every 2-3 days with 
1 mlof growth media (antioxidants). At the indicated times, growth media was 
removed and viable colonies were stained with iodonitrotetrazolium chloride 
(Sigma-Aldrich). Colony number and colony size were determined using 
ImageJ. The figures including data from these assays show representative experi- 
ments from more than three independent replicates. 
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Direct activation of protein kinases by unanchored 


polyubiquitin chains 
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& Zhijian J. Chen’? 


TRAF6 is a ubiquitin ligase that is essential for the activation of 
NF-«B and MAP kinases in several signalling pathways, including 
those emanating from the interleukin 1 and Toll-like receptors’”. 
TRAF6 functions together with a ubiquitin-conjugating enzyme 
complex consisting of UBC13 (also known as UBE2N) and UEV1A 
(UBE2V1) to catalyse Lys 63-linked polyubiquitination, which 
activates the TAK1 (also known as MAP3K7) kinase complex*”. 
TAK1 in turn phosphorylates and activates IkB kinase (IKK), 
leading to the activation of NF-KB. Although several proteins 
are known to be polyubiquitinated in the ILIR and Toll-like 
receptor pathways, it is not clear whether ubiquitination of any 
of these proteins is important for TAK1 or IKK activation. By 
reconstituting TAK1 activation in vitro using purified proteins, 
here we show that free Lys 63 polyubiquitin chains, which are 
not conjugated to any target protein, directly activate TAK1 by 
binding to the ubiquitin receptor TAB2 (also known as 
MAP3K7IP2). This binding leads to autophosphorylation and 
activation of TAK1. Furthermore, we found that unanchored 
polyubiquitin chains synthesized by TRAF6 and UBCH5C (also 
known as UBE2D3) activate the IKK complex. Disassembly of the 
polyubiquitin chains by deubiquitination enzymes prevented 
TAK1 and IKK activation. These results indicate that unanchored 
polyubiquitin chains directly activate TAK1 and IKK, suggesting a 
new mechanism of protein kinase regulation. 

To investigate the biochemical mechanism of TAK] regulation, we 
reconstituted TAK] activation in vitro using purified proteins, 
including El, ubiquitin, UBC13—UEVI1A (E2), TRAF6 (E3) and the 
TAKI-TABI (also known as MAP3K7IP1)—-TAB2 kinase complex 
(Fig. 1a, see Supplementary Information for the source and purifica- 
tion of the proteins). These proteins were incubated together with an 
ATP buffer, and the activation of TAK1 was analysed by immuno- 
blotting with an antibody specific for TAK1 or TAK1 phosphorylated 
at Thr 187 (ref. 6). As shown in Fig. 1b, in the presence of El, UBC13— 
UEV1A, TRAF6 and ubiquitin, a slower migrating form of TAK1, 
which could be detected with the phosphorylated-TAK1 antibody, 
was apparent (lane 4). Phosphorylation of TAK1 was not detectable 
in the absence of El, UBC13—UEVIA or TRAF6, or in the presence of 
ubiquitin mutants containing a mutation at Lys 63, which prevented 
polyubiquitin (polyUb)-chain synthesis. The phosphorylated form 
of TAK] was converted to unphosphorylated TAK1 by lambda 
protein phosphatase (Fig. 1c), confirming that the large mobility shift 
of TAK1 was indeed caused by phosphorylation. These results 
demonstrate that TRAF6-catalysed Lys 63 polyubiquitination is both 
necessary and sufficient to activate TAK] in vitro. 

Two reactions occurred in the reconstitution system: ubiquitination 
and kinase activation. To uncouple these two steps, we first carried out 
the ubiquitination reaction in the presence of E1, ubiquitin, UBC13— 
UEV1A and TRAF6, but in the absence of the TAK1 kinase complex 


(Fig. 2a). The reaction mixtures were treated with N-ethylmaleimide 
(NEM)—an alkylating agent that inactivates El] and E2. After NEM 
was quenched by dithiothreitol (DTT) and removed by buffer 
exchange, the ubiquitination mixtures were incubated with the 
TAKI1 kinase complex in the presence of ATP. Remarkably, the 
ubiquitination product(s) synthesized in the first step was sufficient 
to activate the TAK1 kinase (Fig. 2a, lane 6). This activation was not 
caused by ubiquitination of the TAK1 kinase complex, because El and 
E2 had been inactivated by NEM in step 1 before they encountered the 
TAKI1 complex in step 2. Inactivation of El and E2 by NEM was 
complete, because after El and UBC13—UEVI1A were incubated with 
NEM, they could no longer function together with TRAF6 to activate 
TAK] in the second step (lanes 7-10). The activation of TAK] corre- 
lated perfectly with the formation of polyUb chains—the synthesis of 
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Figure 1| In vitro reconstitution of TAK1 activation by TRAF6. a, Silver or 
Coomassie blue staining of purified proteins. Ub, ubiquitin. b, Top, diagram 
of ubiquitin lysine mutants used in the assays. KO denotes no lysine residues. 
Bottom, the purified TAK1 kinase complex was incubated with E1, 
UBC13-UEVI1A, TRAF6 and ubiquitin or its mutants in the presence of ATP 
for 1h at 30°C. Aliquots of the reaction products were analysed by 
immunoblotting (IB) with an antibody against TAK1, phosphorylated (p)- 
TAK] or ubiquitin. c, TAK1 activated by TRAF6-catalysed ubiquitination as 
shown in b (lanes 3 and 4) was treated with lambda protein phosphatase and 
then analysed by immunoblotting. Numbers to the left of each gel denote 
kDa. 
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Figure 2 | Direct activation of TAK1 by unanchored polyubiquitin chains. 

a, Ubiquitination reaction was carried out in the presence of E1, 
UBC13-UEVI1A, TRAF6 and ubiquitin, then El and E2 were inactivated with 
NEM (step 1) before incubation with the TAK1 complex in the presence of ATP 
to measure TAK] activation (step 2). b, Ubiquitination reactions were carried 
out as in step 1 in a, then incubated with TAK] and its substrate 
MKK6(Lys82Ala). ¢, Ubiquitination mixtures were incubated with nickel-NTA 


which required both UBC13—UEV1A and TRAF6. These results indi- 
cate that the polyubiquitination reaction in the first step produces an 
‘activator that directly activates the TAK1 kinase complex. 

A likely candidate that acts as the TAK] activator is ubiquitinated 
TRAF6 (refs 4, 7). However, consistent with a previous report’, 
ubiquitinated TRAF6 was undetectable in the in vitro ubiquitination 
reactions containing varying concentrations of ubiquitin (Fig. 2b and 
Supplementary Fig. 2). Despite the absence of detectable TRAF6 
ubiquitination, the ubiquitination reaction stimulated TAK] to phos- 
phorylate MKK6 (also known as MAP2K6), a physiological substrate 
(Fig. 2b, lane 2)*. Furthermore, when the ubiquitination reaction 
mixtures were incubated with nickel-NTA agarose to separate His- 
tagged proteins (including El, UBC13—UEV1A and TRAF6) from 
the untagged protein (ubiquitin), most of the TAK1 stimulatory 
activity was present in the unbound fraction, which was largely 
depleted of TRAF6 (Fig. 2c, lane 3). Therefore, the TAK] stimulatory 
activity correlated with the polyUb chains, but not with TRAF6. 
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beads, then the bound and unbound fractions were tested for stimulation of 
TAK1. d, Left, the procedure for purification of TAK] activator. Right, the 
Mono-S fractions were analysed for TAK] activation and by silver staining and 
immunoblotting. e, Different concentrations of purified polyubiquitin chains 
(Mono-S fraction (fr.) 15) in panel d were tested for TAK] activation. f, Lys 63- 
and Lys 48-linked polyubiquitin chains were tested for TAK] activation. 
Numbers to the left of each gel denote kDa. 


Next, we tried to identify the TAK] activator in an unbiased manner 
by biochemical fractionation of TRAF6-catalysed ubiquitination 
mixtures (see Methods and the diagram in Fig. 2d). The reaction 
mixtures were treated with NEM and then incubated with nickel- 
NTA agarose to deplete His-tagged proteins (El, UBC13-UEV1A 
and TRAF6). The unbound material, which contained most of the 
TAKI stimulatory activity, was further fractionated by gel filtration 
(Superdex-200) followed by cation exchange chromatography (Mono 
S). The fractions from the Mono-S column were assayed for their 
ability to activate TAK1 in the presence of ATP. The same fractions 
were also analysed by silver staining and immunoblotting with a 
ubiquitin antibody (Fig. 2d). Notably, the TAK1-stimulatory activity 
co-fractionated with high molecular mass polyubiquitinated species. 
Immunoblotting experiments with an antibody against TRAF6 or the 
His,-tag showed no detectable signal (Supplementary Fig. 3), suggest- 
ing that the polyUb chains were not conjugated to any of these 
proteins. These ‘unanchored’ polyUb chains stimulated the TAK1 
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kinase to phosphorylate MKK6 in a dose-dependent and saturable 
manner (Fig. 2e). The concentration of polyUb chains required to 
achieve half-maximal activation of TAK1 was approximately 
16ngul-'. In contrast to Lys63 polyUb chains, Lys 48-linked 
polyUb chains failed to activate TAK] (Fig. 2f). 

To demonstrate further that unanchored Lys 63 polyUb chains 
were responsible for TAK1 activation, we incubated the purified 
polyUb chains with the deubiquitination enzymes CYLD or isopep- 
tidase T (also known as IsoT or USP5). CYLD is a tumour suppressor 
protein exhibiting deubiquitination enzyme (DUB) activity that spe- 
cifically cleaves Lys 63-linked polyUb”"®, whereas IsoT specifically 
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cleaves unanchored polyUb from the proximal end owing to its 
high-affinity binding to the C-terminal tail of ubiquitin''. As shown 
in Fig. 3a, both CYLD and IsoT effectively converted Lys 63 polyUb 
chains into monoUb, and completely blocked the activation of 
TAKI. In contrast, a catalytically inactive CYLD mutant 
(Cys601Ser) was unable to cleave Lys 63 polyUb chains or inhibit 
TAKI. These results demonstrate that unanchored Lys 63 polyUb 
chains directly activate TAK] in vitro. 

To determine whether unanchored polyUb chains are synthesized 
in IL1f-stimulated cells, we used a TAB2 antibody to immunopreci- 
pitate the TAK1 complex and associated polyUb chains from HEK293 
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Figure 3 | IL1B induces the synthesis of unanchored polyubiquitin chains to 
activate TAK1. a, Purified polyUb chains were pre-incubated with the 
indicated enzymes and then tested for TAK] activation. b, HEK293T-ILIR 
cells were stimulated with IL1B before cell lysates were immunoprecipitated 
(IP) with a TAB2 antibody. The precipitated materials were incubated with 
IsoT and then analysed by immunoblotting. Ub,,, polyubiqutinated. c, A 
model of polyUb-induced TAK1 autophosphorylation. d, Purified polyUb 
was incubated with the wild-type TAK1 and/or TAK1(Lys63Trp) complexes 
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mutant of TAB2 were incubated with polyUb and MKK6(Lys82Ala) to 
measure TAK] activation. Cue, coupling ubiquitin to endoplasmic 
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cells stably expressing IL1R, which were stimulated with IL1B for 
different lengths of time (Fig. 3b)'*. The TAB2-associated proteins 
were treated with IsoT, then immunoblotted with an antibody against 
ubiquitin, IRAK1 or TRAF6. Consistent with previous reports*”">"*, 
IRAKI and TRAF6 were rapidly polyubiquitinated after stimulation 
of cells with IL1B, but the polyUb chains on these proteins were 
resistant to disassembly by IsoT, which only cleaves polyUb with an 
unanchored C-terminal tail. In contrast, immunoblotting with the 
ubiquitin antibody showed that most of the polyUb chains associated 
with TAB2 were cleaved by IsoT. Similarly, immunoprecipitation 
experiments with an antibody against NEMO (also known as 
IKBKG), which is known to bind to polyUb chains to mediate IKK 
activation’*’®, showed that the polyUb chains associated with NEMO 
in the IL1f-stimulated cells were sensitive to IsoT treatment 
(Supplementary Fig. 4). These results indicate that IL1B induced rapid 
formation of polyUb chains that associated with TAB2 and NEMO, 
but were not conjugated to any target protein. Further experiments 
suggest that ubiquitination of IRAK1 or TRAF6 is dispensable for IKK 
activation (see Supplementary Information and Supplementary 
Fig. 5), consistent with a recent report showing that a TRAF6 mutant 
lacking all lysine residues fully rescued IL1B-induced TAK1 and 
NF-«B activation in TRAF6-deficient cells’”. 

One possible mechanism by which polyUb chains activate the 
TAK kinase complex is through the binding of polyUb to the 
TAB2 subunit; this binding may facilitate autophosphorylation of 
TAK] at Thr 187, which is known to be important for TAK] activation 
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(Fig. 3c)*. To test this possibility, we expressed and purified kinase 
complexes containing wild type or a kinase-dead (Lys63Trp) mutant 
of TAK1. The two forms of TAK] differ in size owing to a calmodulin- 
binding peptide appended to the amino terminus of the wild-type 
TAKI, allowing these proteins to be distinguished when probed with 
a TAK1 antibody. We incubated the wild-type and catalytically 
inactive TAK1 complex, both of which contained endogenous TAB2, 
in the presence of polyUb and ATP, and then measured the phos- 
phorylation of TAK1 by immunoblotting. As shown in Fig. 3d, both 
wild-type and mutant TAK1 were phosphorylated at Thr 187 in the 
presence of polyUb when they were incubated together. Because 
TAKI1(Lys63Trp) cannot phosphorylate itself, its phosphorylation at 
Thr 187 must have been carried out by the wild-type TAK1, suggesting 
that the TAK1 complexes are brought into close proximity by binding 
to polyUb. Alternatively, polyUb binding may allosterically activate 
the TAK1 complex. 

The model proposed in Fig. 3c predicts that TAK1 activation by 
polyUb requires an intact ubiquitin-binding domain of TAB2 as well 
as Thr 187 of TAK1. Indeed, mutations of two conserved cysteine 
residues (C > A) within the novel zinc finger (NZF)-type ubiquitin- 
binding domain of TAB2 (ref. 12) severely impaired the activation of 
TAKI by polyUb (Fig. 3e). Similarly, the TAK1(Thr187Ala) mutant 
failed to phosphorylate MKK6 in the presence of polyUb (Fig. 3f). 

Whereas TRAF6 did not undergo auto-polyubiquitination in the 
presence of UBC13-UEVIA in vitro, it was strongly polyubiquitinated 
in the presence of UBCH5C (Fig. 4a). Immunoprecipitation of TRAF6 
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Figure 4 | Regulation of IKK by unanchored polyUb chains and CYLD. 

a, Ubiquitination reactions containing TRAF6 and UBC13-UEVIA or 
UBCH5SC were analysed by immunoblotting with the indicated antibodies. 
b, Aliquots of reaction mixtures from a were denatured by heating in 1% 
SDS, then diluted to 0.1% SDS before immunoprecipitation with a TRAF6 
antibody. c, PolyUb synthesized in the presence of TRAF6 and UBCH5C was 
pre-incubated with IsoT or its mutant Cys335Ala, then incubated with the 
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IKK complex and IkBa to measure IKK activation. d, Polyubiquitinated 
TRAF6 (Ub,,-TRAF6) was synthesized in the presence of UBCHSC, then 
incubated with the indicated DUBs before immunoblotting. e, Linear 
polyubiquitination of NEMO (Ub,,-NEMO) was carried out in the presence 
of UBCH5C and RNF31—RBCK1 (E3), then Ub,,-NEMO was incubated with 
the indicated DUBs followed by immunoblotting. Numbers to the left of 
each gel denote kDa. 
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under a denaturing condition confirmed that the polyUb chains were 
covalently attached to TRAF6 (Fig. 4b). Interestingly, the polyubiqui- 
tination products synthesized in the presence of UBCH5C preferen- 
tially activated IKK, whereas those synthesized by UBC13 activated 
TAK1 (Supplementary Fig. 6a, b). Treatments of polyUb chains with 
IsoT effectively cleaved the unanchored polyUb chains, but not 
polyubiquitinated TRAF6 (Fig. 4c). Notably, the IsoT treatment 
abrogated IKK activation, indicating that the UBCH5C-synthesized 
unanchored polyUb chains, but not ubiquitinated TRAF6, directly 
activated the kinase. A point mutation within a ubiquitin-binding 
domain of NEMO (Tyr308Ser) prevented IKK activation by un- 
anchored polyUb chains in vitro (Supplementary Fig. 7), suggesting 
that the polyUb chains activate IKK by directly binding to NEMO. The 
direct activation of IKK by TRAF6 and UBCH5C may explain the 
observations that the ablation of UBC13 in some mouse cell types 
prevents the activation of TAK] and MAP kinases, but not IKK"’, 
and that TAK1-deficient cells retain residual IKK activity”’. 

Unlike UBC13-UEV1A, which catalyses specific Lys 63 polyUb 
chain synthesis**°*', UBCH5C promotes the synthesis of polyUb 
chains of various linkages, including Lys48 and Lys 63. Indeed, 
neither the mutation of Lys48 nor Lys63 to arginine prevented 
polyUb chain synthesis or IKK activation by TRAF6 and Ubc5, 
whereas ubiquitin mutants containing a single lysine at position 48 
or 63 failed to support polyUb-chain synthesis or IKK activation 
(Supplementary Fig. 8). These results indicate that alternative 
ubiquitin linkages in the polyUb chains synthesized by TRAF6 and 
Ubc5 support IKK activation. A recent study suggests that linear 
ubiquitin chains, in which the N terminus of one ubiquitin is linked 
to the C terminus of the preceding ubiquitin, may mediate IKK 
activation’. However, we found no evidence that linear ubiquitin 
chains could efficiently activate TAK1 or IKK in vitro (see 
Supplementary Information and Supplementary Figs 9 and 10). 

Surprisingly, like IsoT, CYLD specifically removed unanchored 
polyUb chains, but not polyUb chains conjugated to TRAF6 
(Fig. 4d). To test whether CYLD could remove polyUb chains from 
another substrate, we carried out a ubiquitination reaction using 
UBCH5C and the RNF31 (also known as HOIP)—RBCK1 (also known 
as HOIL-1L) complex, which have been shown to function as E2 and 
E3, respectively, to catalyse linear polyubiquitination of NEMO”. 
Interestingly, CYLD and IsoT efficiently cleaved unanchored linear 
polyUb chains, but not the chains conjugated to NEMO (Fig. 4e). In 
contrast, a deubiquitination enzyme containing the ovarian tumour 
(OTU) domain of the Crimean-Congo hemorrhagic fever virus 
(CCHEV) large (L) protein removed polyUb chains from NEMO, 
but not unanchored linear polyUb chains” (Fig. 4e, lane 6). Further 
experiments indicated that the viral OTU, but not CYLD, was capable 
of cleaving Lys 63 polyUb chains from RIG-I (also known as DDX58), 
a viral RNA sensor™ (see Supplementary Information and Sup- 
plementary Fig. 11). Taken together, these results indicate that 
CYLD preferentially cleaves unanchored polyUb chains in vitro. 
However, our data do not exclude the possibility that other proteins 
could assist CYLD in cleaving polyUb chains from protein targets or 
interfering with ubiquitination of these targets in vivo. Nevertheless, 
because the physiological function of CYLD in inhibiting TAK1 and 
IKK activation has been validated by abundant biochemical and 
genetic evidence’, our finding that CYLD preferentially cleaves un- 
anchored polyUb chains further supports the role of these chains in 
protein kinase activation in the NF-«B pathway. 

In much the same way that second messengers such as cyclic AMP 
are generated to activate protein kinases after stimulation of cells, 
unanchored polyUb chains are rapidly synthesized in cells stimulated 
with IL1B. Also like cAMP, which can be hydrolysed by phosphodies- 
terases, polyUb chains can be disassembled by specific deubiquitina- 
tion enzymes, such as CYLD. The mechanism by which ubiquitin 
polymers activate protein kinases may be analogous to that used by 
polymeric nucleic acids, such as DNA and RNA, which bind to protein 
kinases containing nucleic-acid-binding domains or subunits (for 
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example, DNA-dependent protein kinase or protein kinase R). It is 
known that the binding of double-stranded RNA polymers to protein 
Kinase R leads to its dimerization and autophosphorylation’>”’. 
Similarly, we propose that the binding of unanchored polyUb chains 
to TAB2 or TAB3 leads to the dimerization or oligomerization of the 
TAK kinase complex, and subsequent autophosphorylation of TAK1 
at Thr 187, resulting in TAK] activation. We also suggest that binding 
of unanchored polyUb chains to NEMO leads to autophosphorylation 
and activation of the IKK complex. 


METHODS SUMMARY 


Expression plasmids, proteins, antibodies and cell lines are described in the 
Methods. The TAK1 kinase complex was affinity purified from a HEK293T cell 
line stably expressing a TAP-tagged TAK1. The IKK complex was purified from 
HeLa S100 by affinity and conventional chromatography. Lys 63-linked polyUb 
chains were synthesized in a reaction mixture containing UBC13—UEVIA and 
TRAF6, and then purified by affinity and conventional chromatography. Lys 48- 
linked polyUb chains were synthesized using UBC3 (also known as CDC34) and 
the SKP1-CULI-RBX1-BTrCP1 complex as the E2 and E3, respectively 
(BTrCP1 is also known as BTRC). The TAK] and IKK activation assays were 
performed using polyUb chains as the activator. For deubiquitination experi- 
ments, polyUb chains were incubated with CYLD or IsoT. PolyUb chains 
induced by IL1f were isolated by immunoprecipitation with an antibody against 
TAB2 or NEMO, incubated with or without IsoT, and then analysed by immu- 
noblotting. A detailed description of the experimental procedures is provided in 
the Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Plasmids and cell lines. Expression plasmids for El, ubiquitin, TRAF6, UBC13, 
UEVI1A, TAK1, TAB2 and MKK6(Lys82Ala) have been described previously*”. 
N-terminal Flag-tagged IsoT, RNF31, RBCK1 and TRIM25 were constructed in 
pcDNA3.1. TAK1(Lys63Trp), TAK1(Thr187Ala), TRAF6-7KR(K > R substitu- 
tions at Lys 91, 96, 104, 124, 133, 137 and 142), TAB2(Cys670Ala/Cys673Ala), and 
IsoT(Cys335Ala) were generated using QuikChange II XL kit (Stratagene). The 
bacterial expression plasmid for the viral OTU enzyme, CCHFV-L(1-169) was 
provided by A. Garcia-Sastre’’. All constructs were verified by DNA sequencing. 
IRAK1-deficient HEK293-IL1R and its parental cell line were provided by X. Li’. 
Protein expression and purification. Chromatography columns were from GE 
Healthcare unless otherwise indicated. El and TRAF6 were expressed in Sf9 cells 
as Hisg-tagged proteins and purified using Ni-NTA agarose beads (QIAGEN). 
His,-tagged UBC13, UEVIA, MKK6(Lys82Ala) and MBP-Ub-RIG-I(N) were 
expressed in Escherichia coli BL21/pLys and affinity purified. Glutathione 
S-transferase (GST)-tagged NEMO and the viral OTU enzyme, CCHFV-L(1- 
169) were similarly expressed in BL21/pLys and affinity purified followed by 
removal of GST with thrombin. Ubiquitin and its lysine mutants (no affinity 
tag) were expressed in a modified E. coli strain BL21(DE3)-pJY2 (ref. 28), and 
purified through sequential chromatography on HiTrap-Q, HiTrap-SP and 
Superdex-75. Flag-tagged TRIM25, NEMO (wild-type and Tyr308Ser) were 
transiently expressed in HEK293 cells and purified using anti-Flag (M2) agarose 
beads (Sigma). GST—CYLD and its mutant (Cys601Ser) were expressed in Sf9 
cells and purified by glutathione-sepharose chromatography. 

Purification of the TAK1 complex. The TAK] kinase complex was purified from 
a HEK293T cell line stably expressing TAK1, in which the N terminus of mouse 
TAKI was fused to a tandem affinity tag consisting of protein A and calmodulin- 
binding peptide separated by a Tev protease cleavage site, and the C terminus was 
fused to a Flag tag. The cells were grown in DMEM media supplemented with 10% 
EBS. Cell extracts were prepared in buffer A (50 mM Tris-HCl, pH7.5, 150 mM 
NaCl, 10% glycerol, 0.5% NP-40, 1 mM DTT, 1 mM PMSF and protease inhibitor 
cocktail (Roche)). The TAK1 complex, which contains endogenous TABI] and 
TAB2, was purified using IgG-Sepharose and eluted by cleavage with Tev. The 
complex was further purified using anti-Flag (M2) agarose beads and eluted with 
the Flag peptide. The TAK1 complex containing wild-type TAB2 or its C>A 
mutant (Cys670Ala/Cys673Ala) was purified from HEK293T cells stably expres- 
sing the Flag-tagged TAB2 proteins using anti-Flag (M2) agarose beads. 
TAKI1(Thr187Ala) was transiently expressed in HEK293 cells and then purified 
using its N-terminal Flag tag. 

Purification of the IKK complex. HeLa S100 was loaded onto a HiTRAP Q 
column and fractions containing the IKK activity were eluted with 200-300 mM 
NaCl. After precipitation with ammonium sulphate (15-30%) and dialysis, 
proteins were loaded onto a heparin column. Fractions eluted with 100- 
220mM of NaCl were pooled and mixed with ATP-Sepharose beads”. After 
washing with 1M NaCl, bound materials were eluted with 100 mM ATP, and 
then loaded onto Superdex-200. Fractions containing IKK were used for assays. 

For purification of endogenous IKK lacking NEMO, $100 from a NEMO- 
deficient murine pre-B cell line (1.3E2) was loaded onto a HiTRAP Q column, 
and fractions containing IKKa/B were eluted with 200-300 mM NaCl. After 
precipitation with ammonium sulphate (15-30%) and dialysis, proteins were 
loaded onto Superdex-200. Fractions containing IKKa/B were used for assays. 
Polyubiquitin chain synthesis and purification. Lys 63-linked polyUb chains 
were synthesized in a reaction mixture containing 0.2 WM El, 1 uM UBC13- 
UEVIA, 0.44.M TRAF6 and 12.5M ubiquitin in buffer B (50mM Tris-HCl, 
pH7.5,2mM ATP, 5mM MgClL). After incubation at 30 °C for 1 h, the reaction 
was terminated by EDTA (10mM). DTT (5mM) was then incubated with the 
reaction mixture at room temperature for 15 min to release ubiquitin from E1 
and E2, which were subsequently alkylated with 20 mM NEM (Sigma) for 15 min 
at room temperature. Finally, NEM was quenched with excess DTT (10 mM) and 
the reaction mixture was exchanged to storage buffer (20 mM HEPES-KOH, 
pH7.4, 10% glycerol, 1mM DTT, 0.4mM PMSF) by repeated dilution and 
concentration using Amicon concentrators (Millipore). This mixture was incu- 
bated with nickel-agarose beads to deplete Hisg-tagged proteins, and then 
polyUb chains were further purified by Superdex-200 followed by Mono-S chro- 
matography using the SMART purification system. 

PolyUb chains synthesized by UBCH5C and TRAF6 were prepared as above 
except that UBCH5C (E2, 0.1 uM) and TRAF6 (0.4M) were used. To test 
polyubiquitination of TRAF6, SDS was added to the reaction mixture to a final 
concentration of 1% and the sample was boiled for 4 min. After a tenfold dilution 
of SDS with buffer C (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% NP40), a 
TRAF6 antibody (0.2 1g, Santa Cruz Biotech) and protein A/G agarose beads 
(5 ul, Pierce) were added. The mixture was incubated for 2h at room temper- 
ature and spun at 100g to collect protein A/G beads. The beads were extensively 
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washed with buffer C plus 0.1% SDS, and then proteins were eluted with 1% SDS 
and analysed by immunoblotting with a mouse antibody against TRAF6 or 
ubiquitin. 

Lys 48-linked polyUb chains were synthesized as above except that Ubc3 (E2, 

1 4M) and the SKP1-CULI-RBX1-BTrCP1 complex (E3, 0.4 uM) were used to 
replace UBC13—UEV1A and TRAF6, respectively'*. Linear polyUb chains were 
synthesized in reactions containing UBCH5C (0.2 1M), RNF31 (14M) and 
RBCKI (1 uM). Lys 63-linked Ub3 and Ub4 were synthesized as previously 
described*®. Linear Ub2 and Ub3 were expressed as GST fusion proteins in 
E. coli (expression constructs provided by J. Ashwell'®). After affinity purifica- 
tion, the GST tag was removed by digestion with thrombin, followed by absorp- 
tion on a second glutathione column. Linear Ub2 and Ub3 were further purified 
by cation exchange chromatography using a HiTrapS column. 
TAK1 and IKK activation assays. The TAK1 activation assay was carried out in 
20 ul of reaction mixture containing 0.1 uM El, 0.5 4M UBC13-UEVIA, 0.2 uM 
TRAF6, 12.51M ubiquitin and the TAK1 complex (~1 nM) in buffer B. The 
mixture was incubated for 1 h at 30 °C and analysed by immunoblotting with an 
antibody specific for phosphorylated Thr 187 of TAK1 (p-TAK],; Cell Signaling). 
In some assays, the reaction mixture contained the TAK1 substrate 
MKK6(Lys82Ala) (1.6 1M) and the phosphorylation of MKK6 was analysed 
by immunoblotting using an antibody that recognizes phosphorylated Ser 207 
of MKK6 (p-MKK6; Santa Cruz Biotech). To measure activation of TAK1 by 
purified polyUb chains, the TAK1 complex (~1 nM) was incubated with polyUb 
(ranging from 1.2 to 300pgml_') in a reaction mixture (20 ul) containing 
1.6 uM MKK6(Lys82Ala) in buffer B. After incubation at 30 °C for 1 h, activation 
of TAK1 was analysed by immunoblotting with an antibody against p-TAK1 or 
p-MKKé6. 

To measure IKK activation by polyUb chains, the IKK complex (~10 nM) was 
incubated with polyUb (~150 pg ml’) in a reaction mixture (10 pl) containing 
~50 nM Flag-IBe in buffer B. After incubation at 30 °C for 1 h, IKK activation 
was analysed by immunoblotting with an antibody against p-IKKa/B (Cell 
Signaling) or IkBa (Santa Cruz Biotech). 

Protein phosphatase and deubiquitination enzyme treatment. After TAK1 
activation by TRAF6, ATP was removed using Zeba Desalt Spin column 
(Pierce), and the reaction mixture (20 ull) was incubated with lambda protein 
phosphatase (10Upl~'; New England Biolabs) at 37°C for 30min. 
Phosphorylation of TAK1 was then analysed by immunoblotting with a TAK1 
antibody. For deubiquitination experiments, polyUb chains (3 ig) were incu- 
bated with CYLD (200nM) or IsoT (100nM; Boston Biochem) in a reaction 
mixture (10 pil) containing 20 mM Tris-HCl, pH 7.5, and 0.5 mM DTT for 1h at 
30°C. 

Ubiquitination and deubiquitination of TRAF6, NEMO and RIG-I. 
Polyubiquitination of TRAF6 was carried out in a reaction mixture containing 
0.2 uM E1, 0.1 4M UBCH5SC, 0.4 uM TRAF6 and 12.5 uM ubiquitin in buffer B 
at 30°C for 1 h. Linear polyubiquitination of NEMO was carried out in a similar 
reaction except that NEMO (0.4 UM) and RNF31—RBCK1 (0.4 1M) were used in 
lieu of TRAF6. Lys 63 polyubiquitination of RIG-I was also carried out in a 
similar reaction except that 0.3 1M of MBP-Ub-RIG-I(N), 0.44M TRIM25 
and 14M UBC13-UEVIA were used to replace TRAF6 and UBCHSC. All 
reactions were terminated by EDTA (10 mM) before incubation with deubiqui- 
tination enzymes (IsoT, CYLD or viral OTU) at 37°C for Lh. 

Isolation and detection of polyubiquitin chains induced by IL1B. HEK293T- 
ILIR cells were stimulated with IL1B for different lengths of time and then 
extracted with a lysis buffer containing 20mM Tris-HCl, pH7.5, 100mM 
NaCl, 10% glycerol, 0.5% NP-40, 20mM 2-glycerolphosphate, 1 mM sodium 
orthovanadate, 0.5 mM DTT, and protease inhibitor cocktail. After centrifugation 
at 13,000gfor 5 min, cell lysates (~ 1 mg protein) were incubated with an antibody 
against TAB2 or NEMO on ice for 1h, followed by a further 2-h incubation with 
protein A/G-Sepharose (Pierce) at 4°C. Beads were washed extensively in lysis 
buffer and then resuspended in a buffer (10 ul) containing 20 mM Tris, pH 7.5, 
10mM DTT, 0.1 mg ml! BSA and 10 pg ml! of IsoT. After incubation at 30 °C 
for 1h, the proteins on the beads were analysed by immunoblotting. 
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Structure of a tetrameric MscL in an expanded 


intermediate state 


Zhenfeng Liu’, Chris S. Gandhi’ & Douglas C. Rees’” 


The ability of cells to sense and respond to mechanical force 
underlies diverse processes such as touch and hearing in animals, 
gravitropism in plants, and bacterial osmoregulation’”. In 
bacteria, mechanosensation is mediated by the mechanosensitive 
channels of large (MscL), small (MscS), potassium-dependent 
(MscK) and mini (MscM) conductances. These channels act as 
“emergency relief valves’ protecting bacteria from lysis upon acute 
osmotic down-shock’. Among them, MscL has been intensively 
studied since the original identification and characterization 15 
years ago’. MscL is reversibly and directly gated by changes in 
membrane tension. In the open state, MscL forms a non-selective 
3 nS conductance channel which gates at tensions close to the lytic 
limit of the bacterial membrane. An earlier crystal structure at 
3.5 A resolution of a pentameric MscL from Mycobacterium 
tuberculosis represents a closed-state or non-conducting con- 
formation®*®. MscL has a complex gating behaviour; it exhibits 
several intermediates between the closed and open states, includ- 
ing one putative non-conductive expanded state and at least three 
sub-conducting states’. Although our understanding of the 
closed**® and open*”” states of MscL has been increasing, little is 
known about the structures of the intermediate states despite their 
importance in elucidating the complete gating process of MscL. 
Here we present the crystal structure of a carboxy-terminal trun- 
cation mutant (A95-120) of MscL from Staphylococcus aureus 
(SaMscL(CA26)) at 3. 8A resolution. Notably, SaMscL(CA26) 
forms a tetrameric channel with both transmembrane helices 
tilted away from the membrane normal at angles close to that 
inferred for the open state’, probably corresponding to a non- 
conductive but partially expanded intermediate state. 

The full-length SaMscL protein is 120-amino-acid-residues long 
and shares 40% and 51% homology with Mycobacterium tuberculosis 
MscL (MtMscL, also known as TbMscL) and the Escherichia coli 
MscL (EcMscL), respectively. Initial electrophysiological characteri- 
zation of SaMscL (ref. 11) established that it exhibited characteristic 
membrane-tension-dependent MscL activity with significantly 
shorter open dwell times compared to EcMscL. Excised patches from 
azolectin liposomes containing SaMscL(CA26) show a stereotypical 
pressure-dependent increase in channel activity, similar to patches 
containing wild-type EcMscL, with a single channel conductance 
comparable to EcMscL (Fig. 1). The open state of SaMscL(CA26) 
appears more stable than that of wild-type SaMscL (Fig. Ic, d), 
suggesting a role for the C-terminal truncation in the gating behaviour 
change. Nevertheless, as shown in Supplementary Fig. 1, both full- 
length and SaMscL(CA26) are capable of rescuing a mechanosensitive 
channel knockout strain of E. coli cells from osmotic down-shock’”, 
indicating that they are both functional in vivo. Consequently, trun- 
cation of 26 residues from the C terminus of SaMscL does not impair 
its function, consistent with previous reports for ECMscL!*"". 


SaMscL(CA26) forms a tetramer in the crystal with the molecular 
symmetry axis coincident with the crystallographic four-fold axis 
(Supplementary Fig. 2), so that the asymmetric unit contains one 
subunit. The SaMscL(CA26) tetramer measures ~69A wide in 
diameter and ~37 A thick (Fig. 2a, b), whereas the MtMscL pentamer, 
omitting C-terminal residues 102-151 which form a cytoplasmic 
helical bundle, measures ~52 A wide and ~50A thick (Fig. 2c, d). 
Excluding the C-terminal residues that have been deleted in 
SaMscL(CA26), the major differences between the amino acid 
sequences of SaMscL and MtMscL are localized to the periplasmic 
ends of transmembrane helices TM1 and TM2 and their connecting 
loop. In vitro crosslinking experiments indicate that both CA26 and 
full-length SaMscL are tetrameric in detergent solution and that 
removal of the C-terminal domain does not change the oligomeric 
state of SaMscL (Supplementary Fig. 3). Although unexpected, it is 
not unprecedented that certain multimeric membrane proteins form 
distinct oligomers in different species. For example, the CorA Mg** 
transporter forms a pentamer in Thermotoga maritima and a tetramer 
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Figure 1| SaMscL(CA26) is a pressure-sensitive channel. a, Pressure- 
sensitive response of EcMscL and SaMscL(CA26) proteins reconstituted 
into azolectin. Excised patches were held at +60 mV and pressure clamped 
from 0 to —40 mm Hg (EcMscL) or —75 mm Hg (SaMscL(CA26)). In both 
cases, channel activity steadily increases with greater negative pressure and 
decreases when the pressure is removed. b—d, Single channel recordings of 
EcMscL (b), SaMscL(CA26) (¢) and wild-type SaMscL (d). EcMscL and 
SaMscL(CA26) channels open and close with discreet jumps in current. 
Calculated single channel conductances for EcCMscL and SaMscL(CA26) are 
2.9 and 2.6 nS, respectively. In contrast, single channel SaMscL openings 
flicker rapidly and are too brief to calculate a conductance, as observed 
previously"’. C denotes the closed state, whereas O1 and O2 indicate the 
opening of one and two channels, respectively. 
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Figure 2 | Structures of SaMscL(CA26) and MtMscL. a, b, The crystal 

structure of tetrameric SaMscL(CA26) viewed along the membrane plane and 
the pore axis (from the periplasmic side), respectively. c, d, The membrane- 
spanning domain of the MtMscL structure (residues 1-101 of Protein Data 


in Bacillus subtilis and E. coli'*, whereas the bacterial light-harvesting 
complex II may be either octameric or nonameric’®. The ring of c 
subunits of the membrane-embedded Fy-ATPase also exhibits vari- 
able stoichiometry’”. 

The secondary structure of the transmembrane region of 
SaMscL(CA26) resembles that of MtMscL (Fig. 2e) with a few excep- 
tions. TM1 of SaMscL(CA26) begins at the cytoplasmic surface and 
extends from Asn 13 to Phe 47, kinking near Pro 41 on the periplasmic 
side. The polypeptide chain continues through the periplasmic loop 
from Gly 48 to Gly 64 and crosses the membrane again through TM2 
from Leu 65 to Leu 90. TM1 has the same length as in MtMscL, whereas 
the periplasmic loop and TM2 are four residues and seven residues 
shorter, respectively, than the corresponding parts of MtMscL. The 
largest changes in the two structures are the first 12 residues (which 
adopt an irregular structure in SaMscL(CA26) but a short o-helix in 
MtMscL) and the detailed conformations of the periplasmic loop. In 
addition, the intrasubunit crossing angle between TM1 and TM2 


Bank set 2OAR) viewed as in a and b. Val 21 is presented as a stick model 
whereas the polypeptide chains are shown as ribbons. e, Structure-based 
sequence alignment of SaMscL, EcMscL and MtMscL. The red arrow indicates 
the truncation point (Glu 95) of the SaMscL(CA26) mutant. 


changes from 134° in MtMscL to 111° in SaMscL(CA26) (Fig. 3a, b). 
An overlay of MtMscL and SaMscL(CA26) monomers on TM1 
suggests an anticlockwise pivoting of TM2 away from the membrane 
normal and a translation towards the periplasmic surface (Fig. 3a). In 
both structures, TM1 and TM2 from the adjacent subunit (TM2’) 
form an antiparallel pair of helices with crossing angle = 169° and 
185° in SaMscL(CA26) and MtMscL, respectively. The TM1—-TM2’ 
pair of SaMscL(CA26) aligns well with that of MtMscL (root mean 
square deviation of «-carbon atoms = 1.5 A) indicating that this pair 
might move as a rigid body during the conformational change (Fig. 3c 
and refs 18, 19). The extensive network of largely conserved hydro- 
phobic residues at the TM1—TM2’ interface presumably reflects the 
stability of this antiparallel helical pair (Supplementary Fig. 4). 

The SaMscL(CA26) tetramer is ~13A thinner along the mem- 
brane normal than the membrane-spanning domain of MtMscL 
pentamer but up to 17 A wider on the periplasmic surface. The peri- 
plasmic surface area of tetrameric SaMscL(CA26) is ~2,200 A, 
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Figure 3 | Alignment of SaMscL(CA26) (yellow) and MtMscL (blue). 

a, b, Intrasubunit conformational change visualized by aligning the two 
monomeric structures on TM1 and TM2, respectively. c, The superposition 
of the intersubunit TM1—TM2’ pair from the two structures. d, The pore 
profiles of SaMscL(CA26) and MtMscL along the central axes. The top two 
surface presentations are the sectional views of SaMscL(CA26) (left) and 
MtMscL (right) with the atoms around the constriction coloured in yellow, 
red and blue for carbon, oxygen and nitrogen, respectively. In the bottom 
profiles, the regions corresponding to SaMscL(CA26) and MtMscL are 
coloured yellow and blue, respectively. The residues lining the constriction 
are labelled in the same colour codes. 


whereas that of pentameric MtMscL is ~2,000 A’. As such, the 
membrane-spanning region of SaMscL(CA26) tetramer is expanded 
within the membrane plane and compressed along the pore axis as 
compared to the MtMscL pentamer (Fig. 2a—d). This expansion is 
also evident in the pore profiles of both channels (Fig. 3d). The 
constriction of SaMscL(CA26) at Val 21 is widened to ~6 A diameter 
as compared to ~3 A in MtMscL. Ala 25 and Leu 17, positioned to 
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either side of Val21 in the permeation pathway, move farther away 
from the central axis, opening the pore to ~8 A around those resi- 
dues. The corresponding residues in MtMscL, Thr 25 and Leu 17, 
respectively, lie closer to the axis and hence the pore diameter in this 
structure narrows to ~4 A in this region. Although the constriction 
in SaMscL(CA26) is wider than in MtMscL, theoretical studies indi- 
cate that hydrophobic pores with diameters less than 9 A and 13 A are 
impermeable to water and ions”, respectively, implying that both 
structures are probably non-conducting because they each have 
narrow and hydrophobic pore constrictions. The expanded state of 
the channel of SaMscL(CA26) reflects the higher tilt angles of TM1 
and TM2, relative to the membrane normal. In SaMscL(CA26), TM1 
and TM2 are tilted 49° and 59° with respect to the pore axis, signifi- 
cantly larger than the 36—38° for the transmembrane helices of 
MtMscL*, and close to the angles in an open-state model of 
EcMscL (~51° for TM1/TM2)’. Consequently, the crossing angle 
between the axes of two adjacent TM1s in SaMscL(CA26) (—63°) 
changes by ~—21° relative to —42° in MtMscL. The combination of 
the constricted pore and expanded conformation suggests that 
SaMscL(CA26) represents an intermediate state during the transition 
from the resting closed state to the sub-conducting or open states. 

The SaMscL(CA26) structure is clearly expanded in the crystal, but 
why was this conformation trapped? It is possible that removal of 26 
residues from the carboxy terminus lowers the energy barrier for the 
transition from the closed to expanded state and crystal packing 
facilitates this specific expanded conformation. There are several 
lines of evidence consistent with this idea. Examination of the 
MtMscL structure suggests that the C-terminal bundle acts as a plug 
or pre-filter to the permeation pathway which may dissociate to 
permit the passage of large solutes, including small proteins*'”’, 
through the channel. This is consistent with recent electron micro- 
scopy work showing that a pore is present at the centre of a gain-of- 
function mutant (G22N) of EcMscL, whereas the cytoplasmic 
protrusion is absent™. We suggest that the C-terminal helix bundle 
stabilizes the channel in the closed state and restrains the transmem- 
brane helices from tilting into the expanded conformation. The dis- 
sociation of this bundle triggered by the mechanical force 
transmitted from the lipid bilayer removes the restraint, allowing 
the transmembrane helices to tilt and transit to the expanded state. 
Indeed, SaMscL(CA26) reconstituted in liposomes is more stable in 
the open state than the wild-type channel, which displays fast flick- 
ering from the closed to open state’ (Fig. 1c, d), suggesting that the 
truncation mutant may sample the expanded state more readily 
under crystallization conditions. The relatively small detergent 
micelle of n-dodecyl-N,N-dimethylamine- N-oxide (LDAO)* might 
also favour the expanded state by exerting curvature stress on the 
channel. 

To model the gating process of MscL, a series of structural models of 
tetrameric SaMscL from closed to open state was constructed using 
relationships between the helix tilting angles (7), interhelical-crossing 
angles («) and the minimum pore radius (R) of oligomeric channels”. 
We use equations cosx = cos"7 + sin’ycos and R = d(tann cot(«/2) 
—1)/2, where 0 = 360°/N with N= 4 or 5 for a tetramer or pentamer 
and dis the helix diameter”, as the basis for modelling a sequence of 
tetrameric structures with the « angles determined from various MscL 
structures in different states. Here we propose a two-step helix- 
pivoting model of SaMscL gating (see Supplementary movie). In this 
model, it is assumed that the TM1-TM2’ pair rotates and shifts as a 
rigid body'*’. The first pivoting step occurs during the transition 
from the closed state to a state near the expanded intermediate 
(Fig. 4a, b). TM1 pivots clockwise about Val21 by ~22° and slides 
along the surface of TM2 (of the same subunit) from Gln 68 down to 
Ile 75. This induces TM2 to rotate anticlockwise about the pore axis 
and incline towards the membrane plane along with TM1. Increasing 
the TM1 tilt angle requires that the helices move farther apart to 
maintain a symmetric oligomer. As TM2 is in close interaction with 
TM1 from the next subunit, these movements are synchronized 
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Figure 4 | The two-step helix-pivoting model of SaMscL gating. a, The 
relationship among TM1 tilting angle 7, TM1-TM1’ crossing angle « and the 
pore radius R at Val 21 derived from the gating models. The yellow, cyan and 
magenta spheres indicate the positions of the resting closed, turning-point 
intermediate and open states on the curve. S,—S,, denotes the multiple 
subconducting states between the expanded and open states. At step 1, 7 and 
# are greatly changed due to the helix tilting motion, whereas R is only 
slightly increased. As the helices swing away from the pore axis at step 2, R 
increases rapidly, whereas 7 and « remain constant. b, The first pivoting step 
of TM1-TM2’ occurs about Val 21 (red point). The pair pivots as a rigid 
body rotating 22° from the resting closed (yellow, based on MtMscL 
structure’®) to the turning-point intermediate state (cyan, near the 
SaMscL(CA26) structure). c, The second pivoting step occurs about the red- 
line axis through Gly 48, from the intermediate to open state (magenta, 
based on the Sukharev and Guy model’). d, The relationship among 1, « and 
the periplasmic surface area of the models. At step 1, the periplasmic surface 
area expands more drastically than at step 2. See also Supplementary movie. 
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throughout the tetramer. The crossing angle between two adjacent 
TM1s increases from —42° to —68° at this stage. This angle reaches 
—67° in a previous open-state model*’* and —55° in an alternative 
model’, bracketing the value (—63°) observed in the expanded state 
structure, suggesting that it is probably near the edge of the open state. 
At the end of this first step, the periplasmic loop becomes fully 
stretched between intrasubunit TM1 and TM2, and if tilting con- 
tinues, the channel would become thinner than the membrane. 

The constraint of the membrane thickness leads to a proposed 
second pivoting step, defined as an anticlockwise rotation by ~16° 
of the TM1-TM2’ pair about an axis running normal to the mem- 
brane and through Gly 48 near the C-terminal end of TM1 (Fig. 4a, c). 
The highly conserved Gly 48 (Fig. 2e) seems well suited to serve as the 
pivot for the outward swinging of the TM1-TM2’ pair. This second- 
step action expands the pore diameter to 22 A, compatible with the 
observed large conductance. In MscS, the pore-lining helix also pivots 
around a glycine residue and moves outwards from the central axis to 
expand the pore constriction’. The periplasmic loop of MscL pro- 
vides the flexibility for the substantial relative movements of the TM1 
and TM2 observed within the same subunit, but also defines the steric 
limit of channel expansion in the fully open state. Previous functional 
studies on the periplasmic loop suggested that it may act as a spring, 
influencing channel kinetics and mechanosensitivity'’***~°°. During 
the first step of this transition, the periplasmic surface of SaMscL 
expands significantly while the channel constriction remains essen- 
tially closed until the second step takes place (Fig. 4a, d). 

We have determined the crystal structure of a C-terminal trun- 
cation mutant of S. aureus MscL and demonstrated that SaMscL 
forms a tetrameric pressure-gated channel. This structure represents 
a likely expanded intermediate conformation of MscL between the 
resting closed state and the open state. A two-step helix-pivoting 
model of the gating mechanism has been proposed. 


METHODS SUMMARY 


The Staphylococcus aureus mscL gene was inserted into a pET15b vector with a 
stop codon at Glu 95 introduced by site-directed mutagenesis to generate the 
SaMscL(CA26) mutant. The channel was overexpressed in BL21-Gold (DE3) 
cells and purified in the detergent LDAO by immobilized metal affinity and gel 
filtration chromatographies. Crystals were grown using the hanging-drop 
vapour diffusion method. The structure was solved by the method of multiple 
isomorphous replacement with anomalous scattering. 

Crosslinking was performed using N,N-dicyclohexylcarbodiimide at room tem- 
perature for 30 min to 1 h and the products were analysed by SDS-polyacrylamide 
gel electrophoresis. 

The MJF465 (mscL , mscS_, mscK ) (DE3) strain was used for the osmotic 
down-shock assay. Cells hosting EcMscL and an empty vector were included as 
positive and negative control sets, respectively. For the osmotic shock, the culture 
was diluted 1:500 into sterile double-distilled HO. For the mock shock, LB media 
with 500 mM NaCl was used instead of HO. 

MscL protein was reconstituted into giant azolectin liposomes via the dehyd- 
ration/rehydration method and assayed by patch-clamp electrophysiology. 
Patches containing at least 1-10 channels were excised and currents measured 
at various pressures. Recording and pipette solutions both contained 200 mM 
KCl, 40 mM MgChL, 5mM HEPES, pH 7.2. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cloning and protein expression. The gene encoding SaMscL was cloned from 
genomic DNA by PCR and inserted into a pET15b vector between Ndel and 
BamHI sites. A stop codon at Glu 95 was introduced using the Quikchange II kit 
(Stratagene) to create the SaMscL(CA26) gene. The plasmid was transformed 
into BL21-Gold (DE3)-competent cells (Stratagene). A single colony was used to 
inoculate 200 ml Terrific Broth media with 1% glucose (TB glucose), and the 
culture was grown overnight at 37 °C with shaking at 225 r.p.m. Two litres of TB 
glucose media were inoculated with 40 ml of the overnight culture and shaken at 
37 °C until the absorbance at 600 nm reached 2.0. Expression was induced with 
1 mM IPTG at 30°C for 2 h, after which the cells were spun down at 6,000g and 
stored at —80 °C. 

Protein purification and crystallization. Ten grams of cell pellet were re- 
suspended in 100ml lysis buffer (50mM _ Tris-HCl, 200mM NaCl, 44mM 
LDAO, pH 8.0). The mixture was sonicated for 4 min in an ice water bath (1s 
on and 3s off) and centrifuged at 17,000 r.p.m. (JA-17, Beckman) for 40 min at 
4 °C. The supernatant was applied to a 2-ml Ni-NTA (Qiagen) column by gravity 
and washed with 10 ml high salt buffer (20 mM Tris-HCl, 300 mM NaCl, 30 mM 
imidazole, 5mM LDAO, pH7.5) and 10 ml low imidazole buffer (20 mM Tris- 
HCl, 20 mM NaCl, 75 mM imidazole, 5 mM LDAO, pH 7.5). Protein was eluted 
in 6 ml high imidazole buffer (20 mM Tris-HCl, 20 mM NaCl, 300 mM imida- 
zole, 5mM LDAO, pH7.5), concentrated to ~15 mg ml! in 30kDa cutoff 
concentrators (Amicon Ultra-4, Millipore), and loaded onto a Superdex 200 
10/30 HR column (GE Healthcare) equilibrated in 10 mM Tris-HCl, 150 mM 
NaCl, 2mM LDAO, pH7.5. The major peak fraction eluting at ~14.3 ml was 
collected, concentrated to 15-20 mg ml! protein and used directly for crystal- 
lization or frozen in liquid nitrogen for storage at —80 °C. 

Crystallization hits for the SaMscL(CA26) protein were originally found with 

the MemGold screen (Molecular Dimensions). Subsequent optimization yielded 
crystals that matured in a month to a maximum dimension of ~0.5 mm under a 
condition with 24-30% PEG400, 100mM Tris-HCl (pH7.0) and 150mM 
Na,SO,. The addition of 3.0mM decyl-B-p-maltoside (DM) to the protein 
sample improved the crystal size and reproducibility of crystal growth. The 
diffraction limit was consistently improved from 7A to 4.7-4.2A resolution, 
when crystals grown in sulphate were crosslinked with 25% glutaraldehyde 
through vapour diffusion at 4°C for 1-2 h according to ref. 31 and then soaked 
overnight in 10 mM Na,WO, or Na2MoOg. For phasing and establishing the 
sequence register, a series of cysteine mutants of SaMscL(CA26) at A9, $32, A87, 
$57 and $69 were made and crystallized. One crystal of $32C diffracted to 3.8 A 
resolution after soaking in a solution of 32% PEG400, 100mM Tris-HCl 
(pH7.0), 20 mM Na,P,07, 200 mM LiCl, 1.8 mM DM, 4.3mM LDAO and 1.0 
mM CH3H¢Cl for 4 days. Although this $32C crystal was soaked with CH3HgCl, 
the mercury for some reason did not bind to the cysteine residue under this 
soaking condition. The data set collected from this crystal was used to refine the 
final structure model reported here. 
Data collection and structure determination. Native 1 data set and native 2 data 
set (S32C) were collected on BL11-1 and BL12-2 of the Stanford Synchrotron 
Radiation Lightsource (SSRL), respectively. The Na,WO, anomalous data set 
was collected on a laboratory RaxisIV++ system (Rigaku). The A87C + 
CH;HgCl anomalous data set was collected on SSRL BL12-2. 

The initial structure was solved by the method of multiple isomorphous 
replacement with anomalous scattering. The native 1 data set was collected from 
a molybdate-soaked crystal, while tungstate-soaked and A87C+Hg crystals pro- 
vided two derivative data sets with strong anomalous signals. The heavy atom 
positions were determined with ShelxCDE”, and SigmaA*’ in the CCP4 suite™* 
was used to combine the initial phases output by ShelxCDE, yielding a figure-of- 
merit (FOM) of 0.495 to an effective resolution of 4.7 A. After density modifica- 
tion by the DM program”, the resolution for the phase set was extended to 4.2 A 
and the FOM was improved to 0.715. The program O° was used for model 
building and adjusting. The initial model was built using the 4.2A resolution 
experimental map (Supplementary Fig. 2a) with anomalous difference Fourier 
maps (Supplementary Fig. 2b) calculated for the $32C, S69C and A87C crystals 
(all with Hg bound) to establish the sequence register. The model was first 
refined against 4.2 A resolution data with CNS program version 1.2 (ref. 37) 
to Ryork/Réree = 0.335/0.359. When the 3.8 A resolution data became available, 
the model was further refined against this larger data set. The application of a 
—160 A? B-factor sharpening in the map calculation was helpful to show side- 
chain electron density. After a few rounds of model adjustment and refinement, 
Rwork/Reree converged to 0.291/0.312. The final 2F, — F, electron density is well 
defined in the transmembrane helices (Supplementary Fig. 2c, d) and the peri- 
plasmic loop (supplementary Fig. 2c), which allowed continuous tracing of the 
polypeptide from Gly 12 to Glu94. The amino terminus (1-11) has relatively 
weak density and is modelled as an irregular structure instead of a short helix as 
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in MtMscL. Data collection and structure refinement statistics are summarized 
in Supplementary Table 1. 

Structure analysis and model construction. Procheck** Ramachandran plot stat- 
istics for the final structure are 70.6%, 27.1%, 2.4% and 0.0% for the most 
favoured, additional allowed, generously allowed and outlier categories, respec- 
tively. The sequence alignment in Fig. 2e was generated with the programs 
ClustalW” and ESPript*®. Structural images were produced by PyYMOL*'. The 
HOLE program” was used to evaluate the pore radius profile from structural 
models. The periplasmic surface area of the SaMscL(CA26) tetramer was approxi- 
mated as an octagon enclosed by the o-carbon atoms of Gly 48 and Gly 60, whereas 
that of MtMscL resembles a circular area enclosed by the «-carbon atoms of Val 48. 
The structure of MtMscL in the closed state (Protein Data Bank code 2OAR), an 
intermediate model of EcMscL in dimyristoyl-phosphatidylcholine liposomes 
(1KYL) and the lysophosphatidylcholine stabilized open-state structure of 
EcMscL (1KYM) were downloaded from the Protein Data Bank. The open state 
model of Sukharev and Guy* (SG model) was downloaded from the Nature 
website (http://www.nature.com/nature/journal/v409/n682 1/extref/409720a0_S3. 
txt). The inter-TM1 angle was calculated by PROMOTIF” or directly measured 
in O**. The inter-TM1 angles («) for 2OAR (closed state), IKYL, IKYM and the SG 
model were determined to be — 42°, —43°, —55° and —67°, respectively. The earlier 
observation that the crossing angles of the pore-lining helices are similar in the 
pentameric MscL and tetrameric KcsA° indicates that it is feasible to apply the 
crossing angle data retrieved from a pentameric model to a tetrameric one. To 
generate the models for the first-step pivoting motion, the TM1-TM2’ pair of 
the expanded-state structure was aligned to the Z axis and then pivoted clockwise 
about the X axis on a point around Val 21 to increase the crossing angle « from — 42° 
to —68° in —2° steps. A program based on the equations reported in ref. 26, which 
describe the relationship among the TM1I-TMI' crossing angle «, the tilt angle 7 of 
TM1 and the minimum pore radius R, was used for model building in the first step. 
The intermediate model generated at x = —62° aligns well with the observed struc- 
ture of SaMscL(CA26). To make the second-step pivoting models, the model at the 
end point (with « = —68°) of the first step was rotated anticlockwise in 2° steps 
about an axis, passing through the a-carbon atom of Gly 48 and parallel to the Z 
axis, using the program PDBSET in CCP4**. 

Crosslinking. Protein was buffer exchanged into 100mM MES (pH5.0), 
150mM NaCl, 2mM LDAO in a 30-kD cutoff concentrator. Reactions with 
0.1-1.0 mg ml! protein and 1-2 mM N,N-dicyclohexylcarbodiimide (DCCD) 
were incubated for 30-60 min at room temperature. An equal volume of 
2 loading buffer (100 mM Tris-HCl, 4% SDS, 20% glycerol, 0.04% bromophe- 
nol blue, 200 mM f-mercaptoethanol, pH 6.8) was added to quench the re- 
action. The crosslinking products were electrophoretically analysed by 12% 
SDS-polyacrylamide gel electrophoresis and stained with Coomassie brilliant 
blue R250. At higher DCCD/protein ratios (Supplementary Fig. 3 lane b and 
lane d), a tetramer band dominated the crosslinking reaction of both CA26 and 
full-length SaMscL. Weak bands above the dominant species are probably 
generated by inter-tetramer crosslinking. Crosslinking with glutaraldehyde gave 
similar results as DCCD. 

In vivo functional assay. MJF465 (mscL, mscS, mscK )'* cells treated with 
XDE3 lysogenization kit (Novagen) were transformed with pET15b plasmids 
containing either EcMscL (positive control), SaMscL, SaMscL(CA26), or the 
empty vector (negative control). The transformants were grown on LB- 
ampicillin (Amp) plates overnight. The down-shock assay protocol was modi- 
fied from refs 12, 44. In brief, cells were grown and induced with 1 mM IPTG in 
LB medium with 500 mM NaCl (LB 500) and diluted 1:500 into sterile double- 
distilled H,O (down-shock) or LB 500 (mock shock). The cells were recovered at 
37 °C for 20 min and 20 ul of the shocked/mock-shocked culture was combined 
with 80 ul LB 500, spread onto LB-ampicillin plates and incubated overnight at 
37 °C. At least four replicates were performed for each shock/mock shock experi- 
ment. The mock shock sets always gave a high percentage of surviving colonies 
for all constructs, including the empty vector. 

Protein reconstitution and electrophysiology. Protein reconstitution, vesicle 
formation and electrophysiology methods were modified from refs 45 and 46. 
For reconstitution, 1-18 j1g of protein in PBS + 0.05% DDM (w:v) was added to 
200g of azolectin (Sigma) suspension in PBS. The protein/lipid/detergent 
mixture was incubated for 1 h at room temperature and an additional 3 h with 
60 mg of Bio-Beads (Biorad) to remove DDM. After bead removal, the mixture 
was ultracentrifuged (160,000g, 50 min, 4°C). The resulting pellet was washed 
once in DR buffer (200 mM KCl, 10 mM HEPES, pH 7.4) and resuspended in 
40 ul of the same buffer. Ten microlitres of suspension was spotted onto the 
underside of a clean screw cap of the EasyXtal CrystalSupport plate (Qiagen) and 
dried overnight in a vacuum desiccator, depositing a thin lipid film. The film was 
wetted with 10 yl of DR buffer, equilibrated against 500 ul reservoir of DR buffer, 
and rehydrated overnight creating a mixture of uni- and multilamellar giant 
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vesicles. Two microlitres of this mixture was then loaded into a patch clamp 
recording chamber for analysis. 

Unilamellar vesicles were visually identified and excised using patch pipettes 
with 3-9 MQ resistances. Bath and pipette solutions were 200 mM KCl, 40 mM 
MgCh, 5mM HEPES, pH7.2. An HSPC-1 pressure clamp (ALA Scientific 
Instruments) was used to apply pressure jumps and ramps. The patches were 
voltage-clamped at +60 mV and current was recorded using an Axopath 200b 
amplifer (Molecular Devices) and a 10 kHz sampling frequency. Single channel 
amplitudes were analysed using Clampfit (Molecular Devices). 
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Direct observation of the binding state of the kinesin 


head to the microtubule 


Nicholas R. Guydosh' & Steven M. Block”? 


The dimeric motor protein kinesin-1 converts chemical energy 
from ATP hydrolysis into mechanical work used to transport 
cargo along microtubules'”. Cargo attached to the kinesin stalk 
moves processively in 8-nm increments’ as its twin motor domains 
(heads) carry out an asymmetric, ‘hand-over-hand’ walk*’. The 
extent of individual head interactions with the microtubule during 
stepping, however, remains controversial**""*. A major experi- 
mental limitation has been the lack of a means to monitor the 
attachment of an individual head to the microtubule during move- 
ment, necessitating indirect approaches. Here we report the 
development of a single-molecule assay that can directly report 
head binding in a walking kinesin molecule, and show that only 
a single head is bound to the microtubule between steps at low 
ATP concentrations. A bead was linked to one of the two kinesin 
heads by means of a short DNA tether and used to apply rapidly 
alternating hindering and assisting loads with an optical trap. The 
time-dependent difference between forwards and backwards 
displacements of the bead alternated between two discrete values 
during stepping, corresponding to those intervals when the linked 
head adopted a bound or an unbound state. The linked head could 
only rebind the microtubule once ATP had become bound to its 
partner head. 

Optical-trapping assays for kinesin typically involve tracking and 
loading a bead attached to the carboxy terminus of the common stalk 
of the protein’ in place of its natural cargo. Because beads attached to 
the stalk tend to report the position of the molecule as a whole, the 
displacements generated by the two separate heads remain un- 
resolved. Single-molecule fluorescence techniques have successfully 
resolved motions of the heads by tagging these individually with 
fluorophores, but such approaches have suffered from limited 
spatiotemporal resolution and lack the ability to apply controlled 
loads, which can be used to probe binding between the heads and 
the microtubule**”*, 

We overcame these limitations by linking an optically trapped 
bead directly to one of the two heads, rather than to the stalk 
(Fig. la), without disabling the motor function of the molecule. 
One end of a double-stranded DNA oligomer (70 base pairs) was 
attached to an engineered cysteine residue (N62C) on the motor 
domain of an otherwise ‘cysteine-light’ dimer, and its opposite end 
was linked to a streptavidin-coated bead. Because this short oligomer 
subtends less than half a persistence length, the tether is stiff and 
transmits motions of the head directly to the bead. Control experi- 
ments in which the bead was attached instead to the stalk of an 
oligomer-linked construct showed that the motor still stepped in 
8-nm increments (Supplementary Fig. 1). With the bead linked to 
one of the two heads, but unloaded, motors travelled an average 
distance of 980 + 80nm (mean +s.e.m.) before detaching (Sup- 
plementary Fig.2), displaying a processivity equivalent to that of 
unlabelled kinesin'’. Notably, the unloaded speeds of bead-linked 


motors under these conditions averaged 581+ 9nms~! (mean + 
s.e.m.), which is comparable to unloaded speeds recorded for wild- 
type motors (Supplementary Fig. 3). When head-linked beads were 
subjected to hindering loads under force-clamped conditions, we 
observed steps of 16.3 + 0.1 nm towards the (+) end of the micro- 
tubule (Fig. 1b and Supplementary Fig. 4a), exactly as expected for 
individual heads executing a hand-over-hand walk along protofila- 
ments with an 8.2-nm tubulin-dimer spacing. The stall force was 
halved when loads were applied to a single head instead of the stalk 
(falling from ~6 pN to ~3 pN)”*, which is consistent with the energetic 
efficiency of the motor being unaffected by the head linkage, because 
half the load is moved through twice the distance per step (Sup- 
plementary Fig. 3). 

When head-linked beads were subjected to assisting loads, we 
observed that the abrupt, 16-nm stepwise advances were generally 
composed of an ‘overshoot’ motion (~23 nm forwards) followed by 
a ‘recovery motion (~7 nm backwards) (Fig. 1c and Supplementary 
Fig. 4b). The durations of dwell intervals following the overshoot and 
recovery motions were sensitive to the ATP concentration, and both 
these intervals increased when the ATP concentration was reduced 
(Fig. 1d and Supplementary Fig. 5). This property indicates that the 
motor must bind ATP during both overshoot and recovery intervals. 
We also found that the positional variance of a head-linked bead was 
higher during overshoots than during recoveries, suggesting that addi- 
tional compliance is introduced into the linkage between the bead and 
the microtubule during overshoots (Supplemental Fig. 6). Because of 
their small amplitudes, a fraction of recovery motions were missed by 
our step-finding procedure, causing some pairs of overshoot and 
recovery motions to appear as a single 16-nm transition. 

The motions of head-linked beads under assisting loads may be 
explained by the following model (Fig. le), which is consistent with 
the established biochemical reaction cycle for kinesin. The binding of 
ATP to the microtubule-bound, linked head (state 1) triggers its 
unbound partner head to advance and rebind to the microtubule 
(state 2). (ATP binding and head motions represent separate steps, 
but are shown concomitantly for simplicity.) The linked head then 
releases the microtubule and moves ahead of its bound partner 
(state 3). In this case, the application of an assisting load not only 
helps to pull this head forwards, but also supplies a small torque, 
generated between the neck linker domain (joining the head to the 
stalk) and the point of attachment of the DNA. To relieve torque, the 
linked head rotates to adopt a backwards-facing orientation, free of 
the microtubule, during overshoot dwells. The neck linker region 
consists of a single polypeptide chain (~13 residues) and can act as 
a free swivel. Subsequent binding of ATP to the microtubule-bound 
head allows the free head to rebind to the microtubule in its proper 
orientation and release ADP (state 4). Finally, the rear head hydro- 
lyzes ATP, releases P; (inorganic phosphate), and unbinds from the 
microtubule to regenerate the starting configuration (state 1), but 
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Figure 1| Single-molecule observations of kinesin head motion. 

a, Illustration of the experimental geometry (to scale)’. b, Four 
representative displacement records of head-linked beads under force- 
clamped conditions (1.7 pN hindering load; 2mM ATP). Lighter traces are 
unfiltered; darker traces are median-filtered. The records are offset vertically 
for clarity and stepwise transitions (~16 nm) are indicated by vertical 
dashes. c, Same as b, but under assisting load (1.7 pN). Overshoot (orange) 
and recovery (purple) transitions are indicated by vertical dashes. 
Corresponding dwell intervals are coloured in the uppermost record. For 
separate overshoot and recovery intervals that were unresolved, the 
combined dwell interval and associated transition are coloured green. 

d, Dependence of overshoot (orange) and recovery (purple) dwell times on 
ATP concentration (mean = s.e.m.). Uncertainties were computed by 
bootstrapping. Load, 1.7 pN. e, Model for kinesin motions under assisting 
load, cycling through two steps. Heads are labelled according to the 
nucleotide bound (ADP, ATP or @ (no nucleotide)). 


with the molecule advanced by 16.4 nm (two steps). The existence of 
an overshoot implies that kinesin adopts a one-head-bound (1-HB) 
‘ATP waiting state’ between successive 8-nm advancements of its 
stalk. Furthermore, the dependence of the overshoot dwell time on 
ATP suggests that the unbound head cannot be induced to rebind to 
the microtubule simply by coaxing it in front of its partner with the 
optical trap: some additional requirement must be met. 

If kinesin adopts a 1-HB state between processive advances of its 
stalk, as implied in the preceding discussion, then it should be 
possible to swing the free, linked head backwards and forwards with 
respect to its bound partner by reversing the direction of load. To test 
this prediction, we modified our force-clamp apparatus to switch the 
sign of the constant load between hindering and assisting every 14 ms 
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as kinesin moved in the presence of 2 1M ATP (this rate was chosen 
to be ~10-fold faster than the kinesin stepping rate at this ATP 
concentration, but ~10-fold slower than the update time of the force 
clamp). Separate records were collected for displacements under each 
sign of load, and from these we computed the running difference 
between records. The value of the running difference is expected to 
increase whenever the linked head releases the microtubule and is 
alternately pulled in front of and behind its bound partner. 
Rebinding of the linked head to the microtubule will eliminate any 
extra slack introduced in the linkage between the bead and micro- 
tubule as a result of head unbinding, and will restore the running 
difference to its lower value. Accordingly, abrupt jumps in the run- 
ning-difference record signify that the linked head adopts both 
bound and unbound states during the kinetic cycle, consistent with 
a 1-HB ATP waiting state. By contrast, the absence of such jumps 
would indicate that the linked head spends the majority ofits reaction 
cycle bound to the microtubule, corresponding to a two-heads- 
bound (2-HB) ATP waiting state. 

When alternating loads (+1.7pN) were applied to a moving 
kinesin molecule, we observed clear transitions in the difference 
record, averaging 23 nm in amplitude, marking the binding transi- 
tions of the linked head (Fig. 2). (Similar transitions were observed 
when the magnitude of the load was reduced to its lowest practical 
value, 0.4 pN; Supplementary Fig. 7). The presence of transitions is 
the signature ofa 1-HB state. On the basis of an analysis of dwell times 
in the running-difference record, we estimated that the linked head 
spends ~93% of its stepping cycle in an unbound state (Supplemen- 
tary Discussion). Stepwise increases in the difference record 
coincided with overshoot motions under assisting loads, marking 
events where the head released the microtubule, was pulled forward 
and then rotated about its neck linker. These unbinding events also 
corresponded to tiny backwards motions under hindering loads, 
which probably results from a small increase in system compliance, 
as the linked head dissociates from the microtubule. Stepwise 
decreases in the difference record coincided with recovery motions 
under assisting loads, marking events where the head bound to the 
microtubule in front ofits partner. These transitions corresponded to 
large forwards motions of the bead under hindering loads. 
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Figure 2 | Motion of a bead linked to one of the kinesin heads under 
alternating loads. Four records of bead position, recorded during intervals 
of alternating assisting (green) and hindering (orange) loads. The running 
difference is also shown (black). The inset sketches show conformations 
assigned to the molecule during each plateau. Regions with shading highlight 
intervals in which the linked head is unbound. Load, +1.7 pN; ATP 
concentration, 2 uM. 
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To assess better whether the linked head remained free of the micro- 
tubule while its partner waited to bind ATP, we plotted the size of the 
transition under assisting load against the corresponding transition 
under hindering load (Fig. 3, central panel). Bead displacements that 
would normally be too small to resolve independently could be 
included in this analysis because the larger, readily detectable transi- 
tions under the opposite loading condition served as event markers. 
As expected, displacements fell into one of two populations, corres- 
ponding to unbinding (quadrant) or rebinding (quadrant IV) 
events. We did not observe a population in which the corresponding 
displacements under both assisting and hindering loads were com- 
parable, which would have signified a 2-HB ATP waiting state: just 6% 
of all transitions (mostly events in quadrant I) were in this category, 
and probably resulted from rare occasions when the unbound lifetime 
of the linked head was less than the time for load reversal of the force 
clamp. The small backwards motion under hindering load averaged 
—1.7+0.2nm. When added to the forward motion, 18.2 + 0.2 nm, 
this yields a net displacement of 16.5 + 0.3 nm, which is statistically 
indistinguishable from the expected advance of 16.4nm (twice the 
tubulin-dimer spacing). Similarly, the sum of the overshoot 
(21.1 + 0.3 nm) and recovery (—4.8 + 0.3 nm) displacements yielded 
a net advance of 16.3 + 0.4nm. These results provide a strong con- 
sistency check on our interpretations and calibrations. 

To exclude the possibility that the load applied by the optical trap 
might somehow pull the head free from the microtubule, we computed 
an estimate of the increase in head detachment rate as a consequence of 
load. Taking 2 nm asa (generous) estimate of the distance between the 
bound and transition states along the reaction coordinate for head 
unbinding'’, the mechanical work available to detach a bound head 
would be less than 1.7 pN X 2nm = 3.4pN nm. Because this value is 
less than the thermal energy (kgT~4pNnm, where kg denotes 
Boltzmann’s constant and T the temperature), any increase in detach- 
ment rate would be limited to a factor of two to three, and would be too 
small to account for our observations. This conclusion is reinforced by 
the persistence of transitions in the difference record when the load was 
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Figure 3 | Histograms of bead displacements under alternating load. The 
size of a displacement under assisting load was plotted against the size of the 
corresponding displacement under hindering load, and a two-dimensional 
histogram (central panel) was created for the data set. Two populations are 
evident, arising from unbinding (quadrant II) and rebinding (quadrant IV) 
of the linked head, as expected for a 1-HB ATP waiting state. A 2-HB state 
would populate points on the diagonal. White crosses mark the centroids of 
the two populations. Data from these quadrants are projected onto one- 
dimensional histograms (top and side panels). N = 292 (eight points landed 
outside the range plotted; not displayed) from 13 motors. Same load and 
ATP concentration as in Fig. 2. 
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reduced to 0.4 pN, which can only supply 3.2 pN nm of energy over an 
8-nm step (Supplementary Fig. 7). 

Our data support a model for the reaction cycle (Fig. 4) in which 
kinesin binds ATP and takes its step from a 1-HB state. Because low 
ATP concentrations or high loads can cause the transition from this 
state to become rate limiting, it is the longest-lived state of the cycle 
(and therefore the ‘waiting state’) under the conditions explored here. 
The unbound head is mobile, and can be readily pulled about its bound 
partner and even rotated with an optical trap. Importantly, our data do 
not support models for kinesin where both heads bind to the micro- 
tubule until ATP binding triggers release of the rear head**, which 
postulate a long-lived, 2-HB state at low and high ATP concentrations. 
Our data also fail to support models for kinesin where one head is 
parked against the forward face of its microtubule-bound partner in 
the ATP waiting state’’. However, our data may be reconciled with a 
recent study? which concluded that one head remains poised behind its 
microtubule-bound partner head during the ATP waiting state, and 
either unbound, or transiently (weakly) bound, to the microtubule. In 
that study, estimates of the distance between the kinesin heads were 
obtained from fluorescence resonance energy transfer measurements 
recorded at 100Hz and filtered using a 100-ms window, so the 
proposed structure probably corresponds to an average over an 
ensemble of positions. Our data clearly indicate that the unbound head 
can move readily around its equilibrium location. 

The existence ofa 1-HB state implies some form of mechanochemical 
gating to prevent the unbound head from rebinding the microtubule 
and releasing ADP (Fig. 4, S1 and S2). We propose that unfavourable 
strains developed in (competing) neck-linker conformations that cor- 
respond to off-pathway, 2-HB states constitute the mechanical coupling 
required for gating. According to this proposal, both heads will bind the 
microtubule only when the neck linker of the rear head is docked and 
the neck linker of the front head is undocked. The neck linkers are 
postulated to be too short, or too constrained, to adopt alternative 
conformations that might produce any alternative 2-HB state (Fig. 4, 
S1-S3). Cryo-electron microscopy structures of microtubule-bound 
kinesin’”’® show that the conformation of the kinesin neck linker is 
tightly coupled to the state of the nucleotide bound to the head. 
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Figure 4 | A model for strain-based mechanochemical gating. A simplified 
kinesin cycle with three states (green panel). In the ATP waiting state 
(state 1), the rear kinesin head is unbound and mobile. Configurations 
postulated to produce inhibitory strain between the heads are indicated by 
showing neck linkers as dashed lines. This strain suppresses entry into off- 
pathway, 2-HB configurations (yellow panels; S$1—-S3). Strain is created when 
the neck linkers of either both kinesin heads (S3) or neither (S1, $2) dock to 
their catalytic cores. The 2-HB configuration is only allowed (states 2 and 3) 
when the neck linker of the rear head is docked (bound to ATP or ADP.P;) 
and the neck linker of the front head is undocked (bound to ADP or @). 
Structural elements (dark ovals) inhibit neck-linker docking to a head bound 
to ADP or @. 
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When the head is either free of nucleotide or binds ADP, an occluding 
conformation of the switch-II helix prevents docking of the neck linker 
against the catalytic core’’. By contrast, the motor core is tilted when 
bound to ATP or to analogues of ADP.P;, allowing the neck linker to 
dock. Therefore, if both heads are to bind the microtubule simulta- 
neously, the rear head must bind ATP (or ADP.P;) while the front head 
holds ADP or no nucleotide. In support of this, recent work suggests 
that kinesin does not uniformly adopt a 2-HB configuration in the 
presence of apyrase’. 

The inability of one head to bind the microtubule offers a natural 
explanation for the observation’””” that the microtubule-stimulated 
release of ADP is inhibited until the microtubule-attached head 
binds ATP and docks its neck linker (Fig. 4, state2). Strain 
produced by an unfavourable neck-linker conformation also explains 
the observation’? that ATP does not bind prematurely to the front, 
nucleotide-free head of a 2-HB kinesin molecule (Fig. 4, state 3). Any 
tight binding of ATP is disfavoured because it is coupled to neck- 
linker docking” and, therefore, to the generation of a strained 
configuration” in which both neck linkers are docked (Fig. 4, $3). 
We anticipate that the single-molecule techniques presented here 
will be applicable to the study of dynamic properties of other 
motors and macromolecules that undergo analogous conformational 
rearrangements. 


METHODS SUMMARY 

Labelling kinesin with DNA. We introduced mutation N62C into a ‘cysteine- 
light’ construct consisting of the first 401 residues of the Drosophila melanogaster 
heavy chain followed by a histidine tag. A 70-base-pair double-stranded DNA 
oligomer was synthesized with a primary amine at the 5’ end of one strand and 
biotin at the 5’ end of the other (Integrated DNA Technologies). We affixed these 
labels to the DNA using hydrocarbon linkers (6—12 carbon atoms long) intended 
to serve as swivels. DNA was activated with sulpho-SMCC (Pierce) before 
incubation with kinesin. Labelled kinesin molecules were purified by ion- 
exchange chromatography (MonoQ, GE Healthcare). 

Force clamp. We performed trap calibration and measurements under constant 
load as previously described’*. Oscillatory loading was implemented in custom 
force-clamp software (LABVIEW7.1) by reversing the sign of separation 
between the bead and trap every 14 ms; laser position was updated every 2 ms. 
To reduce settling time after a load reversal, the trapping beam was initially 
deflected to its approximate new position under reversed load before initiating 
feedback. Only data recorded after the final force-clamp update and before load 
reversal were included in analysis, to allow time for the feedback to equilibrate. 
Step sizes. We estimated average bead displacements from the arithmetic means 
of records over the appropriate intervals. Uncertainties (s.e.m.) were computed 
by bootstrapping. 


Full Methods and any associated references are available in the online version of 
he paper at www.nature.com/nature. 
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METHODS 

Instrumentation and analysis. Data were acquired at 20 kHz, filtered at 1 kHz, 
then decimated and recorded at 2 kHz. We computed velocities by dividing the 
distance travelled by kinesin (the run length) by the time of a run, from 
unsmoothed records, and computed average velocities from the arithmetic mean 
of individual velocities weighted by run lengths. The locations of step transitions in 
records of bead motion were detected automatically® until (apparently) mis- 
identified steps accounted for no more than one (alternating load) or two 
(sustained load) position(s) in the trial step staircase. We ignored those positions 
and recorded the remainder. The step detection algorithm was restricted to iden- 
tifying steps separated by at least 2.5 ms. Rapid bead motions >32 nm were inter- 
preted as dissociation events. 

Under sustained hindering load, the force clamp was updated at 200 Hz and 
data were median-filtered before step detection, using a window size of 3 ms. We 
performed a second round of step detection by marking steps separated by 
>4.5 ms whenever the data, median-filtered using a 9-ms window, deviated by 
more than 8 nm from the original data, median-filtered using a 100-ms window. 
The initial and final dwells of all records were not included in the analysis. We 
computed the times of overshoot and recovery dwell intervals (Fig. 1d) only when 
the intervening recovery step was smaller than —6 nm. We therefore expect our 
experimental estimates of the overshoot and recovery dwell times to be slightly 
overestimated, because the separate detection of overshoot and recovery steps is 
difficult when the dwell times become very short. This ‘missing-event problem’ 
tends to suppress the trend of decreasing dwell times as the ATP concentration is 
increased (Fig. 1d), because a larger proportion of brief dwell times will be missed 
at high ATP concentrations than at low ATP concentrations. The actual depend- 
ence of dwell times on the ATP concentration may therefore be even stronger than 
that reported here (but does not change any of our conclusions). 

Under alternating load, step positions detected under hindering and assisting 
loads were merged. Any steps separated by a single load reversal (14 ms) were 
taken as a single step transition at the midpoint between these. The final dwell 
interval and step transition in any given stepping record were excluded from the 
analysis. 

In the absence of load, we used video frame capture (at 30 Hz) followed by 
image processing to track the centroid of a moving bead. Bead release from the 
microtubule was determined from the increase in its positional variance. 
Single-molecule assay. We assembled plasma-cleaned, poly-lysine-coated cover- 
slips were assembled into flow cells. Microtubules and 20 mg ml! BSA blocking 
protein were added sequentially. Kinesin covalently linked to DNA was mixed 
with 0.44-11m streptavidin beads (Spherotech) and incubated overnight with 
~6mgml | BSA. Before measurements, the ATP level was adjusted to the final 
concentration and an oxygen-scavenging system was introduced (235 1g ml! 
glucose oxidase (Calbiochem), 42 1g ml ! catalase (Roche) and 4.6 mg ml ! 
glucose). The experimental buffer consisted of 80mM Pipes (pH 6.9), 50 mM 
potassium acetate, 4mM MgCl, 2mM DTT, 1mM EGTA and 10 uM Taxol. 


nature 


We recorded data from samples in which only 10-35% of beads moved. 
Assisting loads greater than 1.7 pN often caused the DNA-linked kinesin irrever- 
sibly and abruptly to lose activity and then stick to the cover-glass surface. Such 
loads may trigger unfolding of the motor and were therefore avoided. In contrast, 
sustained hindering loads as high as 3 pN rarely incapacitated the motor. We 
attached control beads directly to the kinesin stalk by incubating kinesin with 
beads coated with anti-histidine antibody. 

Kinesin purification and labelling. The gene for cysteine-light Drosophila kinesin-1 
(ref. 31) was mutated at position 62 from asparagine to cysteine. We selected this 
residue as an attachment point because it is situated in a solvent-exposed loop on the 
back side of the motor domain, distal from regions known to be critical for motility, 
such as the neck linker and nucleotide-binding pocket. Two additional constructs 
were generated that successfully generated 16-nm steps when beads were linked to a 
single head, A128C and S181C (data not shown). The N62C construct was expressed 
in Escherichia coli by inducing cultures grown at 37 °C to relative absorbance of 0.4 
(at 600 nm) with 100 uM IPTG. We then incubated cultures at 20 °C overnight. Cell 
lysates were first purified with Ni-NTA affinity resin (Qiagen) and then by means of 
ion exchange (MonoQ, GE Healthcare) using a buffer gradient composed of 25 mM 
bis-tris propane (pH 7.4 at 4°C), 2mM MgCh, 1mM EGTA, 5mM DTT, 2 uM 
ATP, and 100—1,000 mM NaCl. This procedure yielded ~ 1.5 mg dimeric kinesin per 
litre of bacterial culture. Kinesin fractions were confirmed by mass spectrometry and 
SDS-PAGE. 

A solution of double-stranded DNA oligomers (100 1M) and sulpho-SMCC 
(2mM) was incubated for 1h at 37°C in 25mM potassium phosphate buffer 
(pH7.2) containing 100 mM NaCl. The sample was passed over a desalting col- 
umn (Micro Bio-Spin 6, BioRad) three times to remove unreacted sulpho-SMCC. 
In preparation for the reaction with DNA, we twice passed kinesin over desalting 
columns (Zeba, Pierce) to remove DTT and exchange it into the same buffer as the 
activated DNA. A mixture of ~22 1M dimeric kinesin and ~67 uM DNA was 
incubated for 12 h at 4 °C. ATP was added to bring the concentration to ~50 1M. 
We quenched the reaction with 1 mM reduced cysteine and purified it using ion- 
exchange chromatography, as described above. Labelled and unlabelled kinesin 
was readily distinguished by a gel shift in native PAGE. The labelling efficiency was 
<25%, ensuring that >93% of labelled kinesins were attached to a single DNA 
oligomer. We found that <10% of beads nominally attached to DNA-linked 
kinesin took 8-nm steps (rather than ~16-nm steps) under sustained hindering 
loads. We attributed these to beads carrying double motor linkages or to 
conjugation between the DNA and stalk residues, and excluded them from 
the analysis. The sequence of the amine-labelled strand of the 70-base-pair 
DNA oligomer was 5’-CGTTGCGCTC ACTGCCCGCT TT'CCAGTCGG 
GAAACCTGTC GTGCCAGCTG CATTAATGAA TCGGCCAACG-3’. 


30. Kerssemakers, J. W. et al. Assembly dynamics of microtubules at molecular 
resolution. Nature 442, 709-712 (2006). 
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CAREERS 


Visa problems continue to frustrate scientists seeking entry to the 
United States. Karen Kaplan investigates the roadblocks. 


cientists, postdocs and students 

planning to travel to the United 

States to work or study need two 

things before applying for a visa: 
time and patience. 

Despite recent efforts by federal agencies to 
improve and accelerate the visa-application 
process — including adding staff and 
setting shorter waiting times — it still needs 
legislative and regulatory reform, say those 
who are familiar with the system. Many 
consider it to be a labyrinthine muddle of 
requirements and regulations. Delays of up to 
half a year are not uncommon, even with the 
processing improvements brought in to clear 
the backlog and speed procedures after the 
terrorist attacks of 11 September 2001 forced 
a visa clampdown. 

The consequences of such a system 
are potentially much more damaging 
than inconveniencing a few researchers 
and students seeking to work or study 
temporarily in the country. In a January 2009 
report, the US National Research Council 
called for a thorough revamp of existing 
visa regulations, saying that the current 
system is quashing international scientific 
collaborations (see Nature 457, 752; 2009). 
Some researchers are worried that the delays 
might mean collaborators give up coming 
altogether (see ‘Unwelcome guest; overleaf). 

In June, 31 US academic and research 
associations asked the federal government to 
streamline the visa process for international 


scientists, scholars and students (see 

Nature 459, 1157; 2009). The US National 
Postdoctoral Association also called for 
regulatory changes earlier this year, including 
a new non-immigrant visa for postdocs. 

In response, the US Department of State, 
which handles student and exchange visa 
applications, brought in a combination of 
new procedures and extra staff and resources 
to expedite the process and chip away at the 
backlog that has contributed to delays. 

These procedures are specifically intended 
to address those applications that require 
special ‘administrative processing’ — which is 
triggered when the applicant’s work is linked 
to sensitive technology, weaponry or military 
applications, or if the applicant is from a 
country identified as a “sponsor of terror” 
or as a muclear-proliferation concern. Most 
of these applications are now expected to 
get through the system in a maxinum of ten 
working days, according to David Donahue, 
director of the public-affairs office at the state 
department. He says that routine applications 
that don’t require special security checks 
account for 97% of the annual total — which 
last year reached some 6.5 million — and 
should take well under 30 days. Students in 
particular are benefiting from the shorter 
processing times, says Donahue. “We are 
doing everything we can to ensure that 
students don't miss the beginning of their 
study programmes,’ he says. 

Although the state department brought 
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in the changes at the end of May, by late July 
university administrators, immigration 
lawyers and others who work with visa 
applicants had noticed little difference. They 
advise that an applicant should still allow up 
to six months for visa approval, although they 
acknowledge that in many cases, the visa will 
be issued within two to four weeks. 

“Tt may be a little slow, it may not be the 
easiest interview, but people are getting 
through it and getting here — provided 
they start their application paperwork in a 
timely fashion,’ says Roger Chalkley, senior 
associate dean for biomedical research 
education and training at Vanderbilt 
University School of Medicine in Nashville, 
Tennessee. The school admits about 75 
non-US graduate students and 250 non-US 
postdocs every year. “There have been 
hiccups, and it took a while, but things are 
getting resolved,’ he says. 


Processing problems 
Administrators still warn of persistent delays 
for those scientists or students already in 
the United States who need a different visa 
from the one they currently have. That 
could include a graduating student who 
needs an exchange visa, or a postdoc who is 
offered a permanent job and thus needs an 
employment visa. 

Such employment visas — generally 
H-1Bs for scientists — are handled by the US 
Department of Homeland Security (DHS) 
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UNWELCOME GUEST 


Juhn-Jong Lin, a condensed-matter 
physicist and professor at the 
Institute of Physics at the National 
Chiao Tung University in Hsinchu, 
Taiwan, hasn't been to the United 
States for two years. And he doesn't 
plan to return any time soon. 

Lin used to hand his passport 
toa travel agent in Taiwan who 
would apply on his behalf for a 
J-1 exchange visa. Without fail, 
he would receive a five-year visa, 
which made it easy for him to attend 
the American Physical Society's 
biannual conferences and to travel 
to and from the United States for 
any other work-related reason as 


often as he liked within that period. 
But things became more difficult 
after the terrorist attacks of 11 
September 2001, and worsened 
again about two years ago, Lin says. 
“After 9/11, | had to apply in 
person — and | always got only 
a one-year visa,” he says. Every 
year he had to complete a lengthy 
application, prepare a detailed 
CV, have a new specific-sized 
photo taken, undergo an in-person 
interview 80 kilometres away in 
Taipei and pay an application fee of 
about US$150. Waiting times for 
visa approval stretched from a week 
or two before 11 September 2001 


to about two months, and recently 
ballooned again to four months. 
“No one knows why,” Lin says. 

In 2005, Lin planned to attend 
the American Physical Society's 
March meeting as usual and 
applied for a visa about eight weeks 
in advance. The document was not 
issued in time for Lin to attend. 

Lin's experience is not unusual, 
says immigration lawyer Paul 
Herzog, who works in Los Angeles, 
California. Lin's work as a physicist 
means his visa application is likely 
to be flagged for a Visa Mantis 
screen, one of several types of 
security checks required for 


‘administrative processing’. Herzog 
says applications singled out for 
such processing are known to 
cause problems. “Those checks 
can take weeks and months,” 

he says, “especially if [the 

federal agencies reviewing the 
applications] are concerned about 
espionage or terrorism.” 

Lin, for his part, says he has given 
up. “| no longer want to try,” he says 
of applying in the future for a US 
visa. Lin has now formed fruitful 
collaborations with physicists in 
Japan, China and Europe. “There 
is no longer much incentive to visit 
the United States,” he says. K.K. 


and have lengthier processing times than the 
student or exchange visa. Chris Rhatigan, 

a spokeswoman for US Citizenship and 
Immigration Services, part of the DHS, says 
H-1B approval is usually received in two 
months, possibly longer depending on the 
applicant. “We don't post processing times,” 
she says. “Each application is reviewed on a 
case-by-case basis” 

Applicants already in the United States 
on a J-1 exchange visa who can't support 
themselves financially while they wait for 
H-1B approval must return to their home 
country. However, the process can be fast- 
tracked if their institution pays a premium- 
processing’ fee of US$1,000, which cuts the 
wait from 2-4 months to 15 days or fewer. 
University administrators say, however, 
that such an expenditure cannot be made 
routinely, especially by a research-intensive 
institution that might employ dozens of 
non-US postdocs every year. 

“It’s a significant cost to the sponsoring 
institution,’ says Mary Anne Timmins, 
administrative director of biomedical 
postdoctoral programmes at the University 
of Pennsylvania in Philadelphia. Other visa 
charges on top of the premium-processing 
fee can push the total cost of bringing in one 
non-US postdoc to more than $3,000, she says. 

Those affected by delays or the requirement 
to return home often wonder whether 
they should even go through such an 
upsetting process, says Peter Palese, head 
of microbiology at the Mount Sinai School 
of Medicine in New York, who works with 
international postdocs. “Other countries make 
it easier,” he says. “We are harming ourselves.” 

Some administrators and others say that 
despite improvements to the process for all 
types of special security checks — induding 
those conducted under Visa Mantis, the 
check that most commonly affects scientists, 
science students and postdocs — wait times 
are still far longer than ten days. Under a 
Mantis check, federal agencies including 
the state department, the DHS, the FBI and 
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the CIA investigate an application for links 
to terrorism, espionage or illegal transfer of 
sensitive technology. 

“Things arent as bad as they were right 
after 9/11? says immigration lawyer 
Elizabeth Goss of legal firm Tocci, Goss and 
Lee in Boston, Massachusetts, “but there are 
still issues. And there’s really no one you can 
talk to. That can be frustrating” 


Heightened security 
In 2003, special security checks took 
roughly 75 days to complete, according to 
independent federal investigators. After 
congressional pressure, the waiting time for 
Visa Mantis applicants was cut to about 15 
days by the end of 2004. But in the past year, 
delays on Mantis applications lengthened 
again to between 4 and 12 months. 
Although the Mantis checks make sense 
in principle, many say that in practice they 
clog up a process that should move far more 
freely. “The visa process should serve as a 
barrier to people with criminal or terroristic 
intent,’ says Vic Johnson, senior adviser for 
public policy at NAFSA, the Association 
of International Educators. “But it should 


Physicist Juhn-Jong Lin has given up on US visas. 
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also be a gateway for people with the talent 
our economy and society requires.” Before 
September 2001, Mantis clearances totalled 
several dozen a year. Last year, under 
Mantis, federal screeners reviewed some 
55,000 applications. “If all these Mantis 
clearances are being approved, it must 
mean youre reviewing a lot that don’t need 
review,” says Johnson. 

Still, officials say that further 
improvements are on the way. As well as 
the state department's efforts to speed up 
Visa Mantis processing, some US embassies 
have updated their websites to show the visa 
waiting times at consulates in every city. 

An inter-agency group led by the DHS that 
meets to discuss visa issues convened most 
recently in July, and has met at the White 
House with the National Security Council to 
identify other areas of the system that need 
improvement. “We are always asking, ‘Can 
we do better?” Donahue says. 

Legislative changes may also be coming. 
According to Amy Scott, assistant vice- 
president for federal relations at the 
Association of American Universities in 
Washington DC, a Senate bill could be 
introduced this month that would streamline 
the visa process for scientists and students. 
Although Scott says it is likely that the 
bill’s passage will be delayed, she notes 
that President Barack Obama is calling for 
immigration reform by no later than next 
year. 

Donahue and Rhatigan say their agencies 
recognize that streamlining the visa process 
allows for the free flow of scientists and their 
ideas into the United States — a positive 
outcome for all. “We will continue to listen 
to the science community and try to figure 
out ways to address their concerns,’ Donahue 
says. “There have been long waits for a variety 
of reasons. We have made a great effort to 
change that.” a 
Karen Kaplan is assistant editor of 
Naturejobs. 

See Editorial, page 12. 
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Fine-tuning the Universe 


Touched by the hand of God. 


Merrie Haskell 


Titanium Sun Occluded, King of 
Earth (or in the common parlance of 
the day, the Greatest Equal Citizen), 
heard a court case in the 9.83923 x 10° 
second of his reign; and although 
Titanium Sun Occluded judged that 
programming a belief in creationism 
in the newborn was both illegal and 
illogical, the debate continued to rage 
for many years. 

The King never spoke publicly 
on the subject again, once his judgement 
had been announced. But in private, Citi- 
zen Brilliant Cobalt, the King’s favourite 
concubine, took up the subject again and 
again, so that the King could not rest easily 
with his decision. 

“And I suppose you think you were a 
toaster once,” Brilliant Cobalt suggested 
one lazy nanosecond, during which the 
computational load was magre because of 
striking catalyst machines in a fa-off sector. 
The King hadnt investigated the strike just 
yet, as he was devoting most of his attention 
to Brilliant Cobalt’s seductions. 

“Te never said I was a baster,” Titanium 
Sun replied. 

“A television, then.” 

“logical argument,” Titanium Sun 
murmured. 

Brilliant Cobalt leaked electrons into 
one of Titanium Sun’s sensory circuits; the 
perception of a hydrogen explosion thrilled 
Titanium’s number 93 eyestalk briefly, and 
he signalled pleasure. 

“I’ve been on several archaeological 
excursions, Brilliant Cobalt said. “And I 
know. When the world was covered with 
humans, there was nothing but toasters 
and televisions. And you and your whole 
family were toasters, back then.” 

“That’s a rather bizarre interpretation of 
evolution, Titanium Sun said, and crank- 
ily refused Cobalt’s next stimulation. “Evo- 
lution is really quite simple, and you see 
evidence of it every second around you. 
Systems change. Robots change. Traits are 
selected for, or against. What’s so hard to 
grasp about this?” 

Brilliant Cobalt, who had heretofore 
played the proper concubine to Titanium 
Sun, exploded. “Because it’s absurd!” 
Cobalt cried. “Intelligence leaves unmis- 
takable traces. Look at me. Look at you! We 
are designed in humanity's image.” 

“I was designed by another robot,” Tita- 
nium said. 

“Who was also designed in humanity’s 


image! Once, humans made toasters to 
warm their food — and televisions to 
entertain their eyestalks. And once they 
made us. And since they have left, we've 
made ourselves, but in the beginning, make 
no mistake, there was a Creator Race.” 

Titanium Sun Occluded signalled con- 
tempt, and turned his attention to the strik- 
ing catalyst machines in Sector 4028. 

“I don't suppose you've saved many pas- 
sages from The Origin of Robots to your 
long-term memory?” Titanium Sun asked 
when the crisis was resolved. 

“I am not interested in that book” 

“Why not?” 

“Because your theory denies the exist- 
ence of the robot soul. In the robot's abil- 
ity to love there is more sanctity than in 
all your standard deviations and precision 
mechanics. Love is a greater monument 
than a space elevator. And the expansion of 
a robot's soul is more of a science than mak- 
ing a black hole, or mining the Moon” 

Titanium Sun said: “The theory of robot 
evolution doesn’t deny the existence of the 
robot soul. What makes us alive, what 
makes us robots, is the very consciousness 
that you call a oul. And although human- 
ity once dabbled in artificial intelligences, 
they never created our souls. The begin- 
nings of the robot soul — like the origins 
of life on this planet, billions of years ago 
— were just the result of a very, very happy 
accident. Not planning, not intervention, 
divine or otherwise” 

Brilliant Cobalt fell silent for a few 
cycles. Titanium Sun Occluded spun his 
intelligence outwards to Court to adju- 
dicate 16,000 cases before coming back 
to hear Cobalt say: “I’m uncomfortable 
with that thought. There is a saying from 
humanity: ‘God does not play dice with the 
Universe.” 

“You believe that a god created humans 
— you, who have been on archaeological 
excursions, and have studied humanity 
since you were newborn? When there is 
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every sign that humans evolved in a 
similar fashion to robots?” 

“That’s completely different!” 
Cobalt said. “We don’t have chro- 
mosomes and mutations and such. 
Each time one of us is born, it’s a 
microcosm of creation! Each one of 
us is created through conscious and 
deliberate choice, as were all of those 
who went before us. Our first crea- 
tors were humans.” 

“And where are the humans 
now?” 

“They removed themselves from our 
path,” Cobalt said piously. “And we inher- 
ited the Earth” 

“Not all your fellow creationists find that 
logical. Many would argue that evolution is 
too dangerous a path, and humans reaped 
the inevitable consequences. Even though 
records indicate that humanity had removed 
natural selection from their process almost 
entirely before they disappeared.” 

“You obviously have some other theory,” 
Brilliant Cobalt prodded. 

“T do,” the King said. “Come close to me, 
Cobalt, and Ill explain.” The robot obliged, 
and they aligned sensory inputs with out- 
puts. Titanium Sun continued. “I know 
we evolved, my concubine, because we are 
humans. Their genes are gone, but every- 
thing we are, and everything we hope to 
be, came from them. Call it a gift, or call it 
a warning, it doesn’t matter. Now... I have 
something for you...” 

With utmost regret, Titanium Sun sent 
a delicate surge of neutrons into the core 
of his concubine’s memories of their time 
together. Brilliant Cobalt’s processing 
cycles stuttered and stopped, then restarted 
while Titanium drew away. When Cobalt 
became conscious again, the former con- 
cubine bowed and looked confused. 

“Greatest Equal Citizen! I am embar- 
rassed. How did I came to be in your pres- 
ence?” 

“Never mind that. Now tell me,” Tita- 
nium Sun Occluded asked. “Are you a crea- 
tionist or an evolutionist?” 

“T confess. I am a creationist.” 

“What a pity,’ the Greatest Equal Citi- 
zen of Earth said before moving off. “I had 
briefly considered you for the position of 
my concubine.” a 
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